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Deviations from a Coulomb field near the nucleus of very heavy atoms appear to produce changes as large 
as about one part in 400 on the fine structure splitting of the 29 electronic level. Theoretical evaluation of 
these changes is discussed and available x-ray data analyzed to yield an experimental determination of their 
magnitude. A nuclear radius as large as 2X 10~“ A! cm must be assumed if the observed effects come only 
from deviations in the Coulomb field due to the finite nuclear size. The preferred interpretation is that most 
of the contribution to the observed change in fine structure comes from quantum electrodynamic effects 


(Lamb shift 


which produce deviations from a Coulomb field near the nucleus. This appears to provide a 


method for study of the Lamb shift for large Z and possibly also of nuclear size. 


INTRODUCTION 


BRIEF de-cription of a method for determining 

deviations from a Coulomb field near a nucleus 
from x-ray data has already been given and interpreted 
in terms of an effective nuclear radius.' Two recent new 
experiments*-* on the distribution of charge in nuclei 
have made appropriate a more detailed discussion of 
this method so that a comparison of the several types 
of information now available can be made and certain 
deviations from a Coulomb field which are not directly 
connected with the nuclear size can be pointed out. 

The “isotope shift” in atomic spectra is a well-known 
phenomenon. In heavy elements it is due to the finite 
size of nuclei and the variation in electronic energy 
levels with the small differences in effective nuclear 
size occurring in two or more isotopes. Usually the 
entire change in electronic energy between electron 
levels for the ideal point nucleus and those for a nucleus 
of finite size cannot be experimentally determined, so 
that one must be content with measuring only the small 
differences in effective nuclear size through the isotope 
shift. 

Precise measurements of the fine structure splitting 
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between the 2p, and 2, levels of heavy atoms allow an 
experimental determination of the entire change in 
electron energy due to finite nuclear size, plus that due 
to any other deviation from a Coulomb field occurring 
in the immediate vicinity of the nucleus. Such devia- 
tions may be due to vacuum polarization or to other 
electrodynamic effects, usually called “Lamb shifts,” 
in the very strong fields near the nucleus. 

Sensitivity of the fine structure to the above effects 
is due to the following circumstances. Although the 
2p; wave function is essentially zero everywhere inside 
or within a few nuclear radii of the nucleus, the 2p, wave 
function for a heavy atom has an appreciable value in 
this region, because of what can be regarded as rela- 
tivistic mixing of the 2p; and 2s functions. This 
modifies the spacing between the Ly; and Liyy levels 
by a small amount which increases very rapidly with 
increasing Z. Fortunately, screening effects are small 
enough for the 2p, and 2p, wave functions that they can 
be allowed for. Hence the fine structure splitting as- 
suming a pure Coulomb field can be calculated with 
some accuracy and compared with experimental meas- 
urements. The discrepancy between calculated and 
measured values increases with Z in the way expected 
for the effect of a deviation from a Coulomb field in 
the vicinity of the nucleus and very much more rapidly 
than any terms expected from screening or most other 
electronic effects. Vacuum polarization and other 
deviations from a Coulomb field which occur in the very 
strong electric fields near the nucleus of course give 
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similar effects. The rapid variation of this discrepancy 
then allows isolation of the sum of effects due to nuclear 
size and the Lamb shift from less interesting effects. 
The increasing amount of information on the nuclear 
charge distribution from other experiments*~* may allow 
a sufficiently accurate determination of effects due to 
nuclear size so that the x-ray fine structure shift can 
be used to determine higher order electrodynamic 
corrections for the case of large Z. 

The distribution of electrons in 2p, and 2p, states 
of a heavy atom are indicated in Figs. 1 and 2. In Fig. i, 
the probability of finding an electron at a given dis- 
tance r from the nucleus is plotted as a function of r. 
The similarity of these probability distributions is 
important in allowing the difference between their 
energies to be calculated with some accuracy, even 
in the presence of screening. Figure 2 gives |y|?, the 
electron probability density, as a function of r. Here it 
is evident that the two wave functions differ radically 
near the nucleus. A 2p; wave function gives the electron 
a very large probability of being found in the immediate 
vicinity of the nucleus, while for a 2p; wave function 
this probability is very small. 


CALCULATION OF THE CHANGE IN ELECTRONIC 
ENERGY DUE TO FINITE NUCLEAR SIZE 

Although the change in electronic energy due to 
finite nuclear size is very small compared with the total 
electron energy, it cannot be accurately calculated by a 
first-order perturbation technique. In the small region 
inside the nucleus the perturbing potential is so enor- 
mous that a first-order calculation is wrong by about 
30°. The almost exact method of treatment used here 
has been published by Broch*; however, it will be out- 
lined below since it is not well known or readily avail- 
able. The two-component relativistic wave equations 
may be written’ 


dod, & 1 E-V 
j (: a2 Jon 
dy y 2a me* 


dd: ? 1 F-J 
T) (: T Jon, (2) 
dy y 2a me 


where j is a quantum number which is +1 for , states 
and —2 for p, states, y= 2Zr/a, r=distance from the 
center of the nucleus, a= Bohr radius of hydrogen, and 
E and V are the total energy and potential energy 
respectively. The corresponding equations for a hypo- 
thetical point nucleus are 


do," o:" l Ee -—ye 
ae? - (: - Je. , 
dy y 2a mc 


» @ 17 Bevo 
+5 -- (14 : Jou" 


dy y 2a 


* E. K. Broch, Arch. Math. Naturvidenskab 48, 25 (1945). 
’ J. E. Rosenthal and G. Breit, Phys. Rev. 41, 459 (1932). 
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If we multiply Eq. (1) by ¢:, Eq. (2) by —¢:®, Eq. 
(3) by —¢: and Eq. (4) by ¢; and add, we obtain 


d 
(o162 —o2;) 


ay 


1 AV—AE 
—($ig:" +62:")( — ——). (5) 


2a mc 


where AV=V-—V® and AE=E—E™. Integrating 
from yo to , and remembering that outside the 
nucleus AV =0, 


2Zamc* (oib2 —° $2) vo 
AE f (6:6: +6x62)dy. (6) 
vo 
But 


f (o:¢1 +0262) dy 
v0 


fe f (didi +262) dy 

22 ¢* 2Z 

~—f [igi )*+ (62)*Jdr=—; (7) 
0 


a a 
hence, from (6) and (7), 


he 
AE=—(o1b2 — $12) wo. (8) 


2n 


The energy level shift, AE, due to the finite nuclear 
size is obtained by substituting the values of ¢1, $2, 
¢:, and ¢:™ at the nuclear radius, yo, from the solu- 
tions of Eqs. (1), (2), (3), and (4) into Eq. (8). 

Near the nucleus, 1— E/m?<V/mce, so that one may 
assume E=mc and the solutions of (1) and (2) for 
y> yoare: 

>: ‘a=CiJ2,(2y*)+C2J_2,(2y') ] (9) 
and 


$2=Ci[ Aa, (2y")+C2A_2, (2y!)], (10) 


where the J’s are Bessel functions, C; and C; are con- 
stants, y=(i—Za*)', An=(j—y)JutyJoa4, and 
A_w=(j—-7)J_»—y'J_»—1. For a point nucleus, 
C:=0; its value for a finite nucleus is determined by 
matching at y= yo these solutions to those for the region 
inside the nucleus. The latter may be obtained for any 
assumed intra-nuclear potential V as a power series 
since yo is small (ye<0.05). That is, inside the nucleus, 
the solutions may be written 


oi=aytpy+ry+sy'+:--, 
o2= by +cy+dy+ey*+--- 


It is through influence on these solutions, and hence on 
the constant C;, that the nuclear charge distribution 
enters the problem. 


(11) 
(12) 
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Fic. 1. Probability r* |¥/* of finding a 2p electron a given 
radius r from the nucleus with Z=85. (Note: “10~” should read 
“197U""_) 


If expressions (11) and (12) are substituted into 
Eqs. (1) and (2), the coefficients may all be eval- 
uated for any particular nuclear charge distribution 
in terms of one constant, a. Then ¢:/a¢2 at y= yo is 
uniquely determined by the solutions inside the nucleus. 
Equating it to the corresponding quantity expressed in 
terms of the solutions outside the nucleus, 


(1/02) ve voA 2y(2¥0!) — J 2, (20!) 
C:= ma —, (13) 
J 2 (20!) — (61/ab2) ve voA—2, (2yo!) 
Substituting the solutions (9) and (10) into (8), the 
energy level displacement is 


AE=ZECPCryo8 J 2y4.1(2 04) J_2y (290!) 


+J 4 (2yo0!)J—2y—~1(2y0!) ], (14) 


and using the properties of the Bessel functions 


¥ 
SE= —2ZeC 2C:—— —, (15) 
r(1i+2y)r(1—2y) 

The normalization constant, C; may be obtained 
from Ay, the fine structure splitting, when the principal 
quantum number » is large.’ It is 


hAv 
Cc; . = ’ 
Ze{{ (1+1)*—a? }}—1—(P—a*)'} 


so that from (15) 
2C: 


[(+1)?—o"}—1-(P—a")! 


X———_—_—_———._ (17) 
P(i+2y)r(1—2y) 

AE can hence be obtained as a given fraction of the fine 
structure splitting Av if C, is calculated from (13). It 
must be noted that expression (16) is not especially 
accurate for the present case, where n= 2. However, it 
gives a convenient first approximation to C;’. 








Fic. 2. The electron density |y|* for a 2p electron when Z=85 
(Note: “10-®” should read “10-™”.) 


Somewhat more accurate values of C;* might be ob- 
tained by using Dirac wave functions with an appropri- 
ately screened value of the effective nuclear charge Ze. 
C? may be still better determined by obtaining the wave 
function for a 2p; electron in the field of a nucleus of 
charge Ze and a screening charge of the other electrons 
with a Fermi-Thomas distribution. From a calculation 
of the latter type, Wertheim and Igo* have recently 
obtained a normalization factor for the 2, electron 
when Z=92. Their value for C? is 0.76 of its value for 
a hydrogenic wavefunction with Z=92, or 0.74 times 
the value given in (16). K. M. King is engaged in a still 
more precise calculation of the 2p, wave function which, 
however, is not yet complete. For convenience, values 
of C;? from (16) or of AE given by (17) will be used in 
much of the following discussion, and an appropriate 
correction for the normalization will be applied later. 

The shift of the p, level due to the finite nuclear size 
is negligible in comparison with that of the p, level, so 
that the calculated displacement of the , level is the 
entire change in the fine structure splitting due to 
nuclear size. 


MAGNITUDE OF EFFECTS OF NUCLEAR SIZE 


Before discussing results obtained by the somewhat 
complex method of calculation described above, a few 
general observations about the nature of the expected 
results may be useful. The perturbing energy term due 
to a finite nuclear size has the following form 


=f pa(V—Vo)de, 


where p, is the density of nuclear charge, V the potential 
due to the electron charge distribution, and Vo» its 
value at the center of mass of the nucleus. If the electron 
charge density is a constant p, over the nucleus, then 


(18) has the form 
2r 
om —f ppd de, 
3 


(18) 


(19) 


5M. S. Wertheim and G. Igo, Phys. Rev. 98, 1 (1955). 
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to be some function of (r°"), (independent of other 
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energy as (r*"),, increases, the 


be somewhat 


represents an increase in 
electron wave function at the nucleus will 
decreased, and deviations from first-order perturbation 


theory can be exper ted 


in the direction of making the 
energy change AE somewhat small 


by first-order theory and to depend on (r**),, somewhat 


r than that given 


more slowly than linearly 

Calculations of AE/hAv for a 2p, electron have been 
made by the method described above for five values of 
Z between 60 and 95 assuming a f 
1.5X10°"A! and either 


harge only 





nuclear radius of 
} ‘ 


a uniform charge distribution 


or a surface « The resulting values are listed 


in Table I 
A more accurate normali using the screening 
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of a Thomas-Fermi electron distribution factor as 
mentioned above, decreases al] values of Table I by a 
factor of about 0.76. Appropriate values of the effect 
of other nuclear models wlth different radii of radial 
distributions can be obtained by interpolation or 
extropolation of the information in Table I. 

The variation of AE/hAv with Z cannot be very 
easily predicted from qualitative arguments. However, 
it is found that the results of Table I can be rather 
accurately represented by the simple expression 


AE/hAv= De*2-™, (21) 


where D,=1.09X 10~ and 5, =0.0858 for the uniformly 
D,=1.72K10- and b.=0.0817 for 
the charge on the nuclear surface. It must again be 
remembered that the values of D here come from use of 
Eq. (16). This normalization is not very accurate, but 
should give the correct functional form of AE/hAv. 

The very rapid increase in AE/hAv with Z given by 

21) is a valuable characteristic of this effect, which 
allows it to be distinguished from less interesting effects 
which vary more slowly with Z. For Z between 70 and 
92, SE/hAv increases approximately as Z’ or AE as 
2”. 

For Z=92, Fig. 3 indicates how AE/hAv varies with 
‘8),,. The dotted line shows the result of 
order perturbation calculation, which is in con- 
siderable error for the case of interest. It may be seen 
from this figure that, as expected, AE/hAy increases 
somewhat more slowly than linearly with (r'*). 
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THEORY OF THE FINE STRUCTURE SPLITTING 


Calculation of the fine structure splitting between the 
2p, and 2p, (Li; and Ly11) x-ray levels has been de- 
some detail by Christy and Keller.? They 
allow for interaction between the various atomic elec- 
trons by using the Breit Hamiltonian” for interelectron 
interactions. They show that the fine structure may be 
expanded in the form 


scribed in 


nar MC Ss aZ 


1 1 
xX} 1-——fi(aZ)-+ fs 


l aZ)+--+], 22) 
aZ aZ)* 


Taswe I. The fractional change (AE/hAv) in fine structure due 
finite nuclear size. Nuc 1s is assumed to be 1.5X10-¥ 
: ] ion is obtained from expression (16). 


les 
ar radi 





For uniformly For r eus with 
> harged t eus surf arge only 
oo 1.09 10™* 1.73x10~™* 
70 2.51x10™ 3.92«10-* 
81 6.35«10~-* 9 56x 10~¢ 
oO 1.38« 1073 2.03x10™ 
95 2.17 10-3 3.01 10™* 


*R. F. Christy and J. M. Keller, Phys. Rev. 61, 147 (1942) 


® G. Breit, Phys. Rev. 34, 553 (1929 











where S(aZ) is the Sommerfeld expression for the fine 
structure splitting in a hydrogenic atom and f, and f; 
are slowly varying functions of order unity. Christy and 
Keller calculate f;(aZ) and approximate the small 
term involving f: by assuming that f: is a constant of 
unknown value. Since S(aZ) is approximately pro- 
portional to (aZ)*, (22) may be written 


Avo 2 
—=—§(aZ) — 2a°Z3f(aZ)+ BZ’, 
x 


(23) 


where R is the Rydberg, the first term is the Sommer- 
feld expression for the fine structure, f(aZ) can be ob- 
tained from the work of Christy and Keller, and B is an 
unknown constant. 

Christy and Keller’s calculation was made in order to 
obtain a value of the fine structure constant a by use of 
the x-ray fine structure measurements and an expres- 
sion such as (23). No effects due to the finite size of the 
nucleus were included in their considerations. Bethe and 
Longmire" applied a correction factor (1+a/2x)— 
to Christy and Keller’s value of a@ in order to allow ap- 
proximately for quantum electrodynamic effects on the 
electron moment. The resulting value of a obtained 
was not in good agreement with other determinations. 
However, we shall see below that if the effects of finite 
nuclear size are allowed for, the value of a obtained 
agrees excellently with that obtained by other methods. 


COMPARISON BETWEEN THEORY AND 
EXPERIMENTAL MEASUREMENTS OF 
OF X-RAY FINE STRUCTURE 


Rather accurate values of x-ray fine structure have 
been known for some time; the latest values are taken 
from the compilation by Cauchois and Hulubei.” These 
may now be compared with the above theory with 


° 


’ 


Fic. 4. Comparison of theory [expression (23)] with experi 
mental measurements of 2 fine structure assuming a Coulomb 
field near the nucleus 


 H. A. Bethe and C. Longmire, Phys. Rev. 75, 306 (1949). 

2 Y. Cauchois and H. Hulubei, Table de constantes et donnees 
numeriques. I. Longueurs d’onde des emissions X et des dis- 
continuities d’absorption X, Paris, 1947). 
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Fic. 5. Comparison of theory [expression (24)] with experi 
mental measurements of 29 fine structure allowing for deviations 
from Coulomb field at the nucleus 


results indicated in Figs. 4 and 5. To a first approxima- 
tion, Av increases as Z‘, so that a curve of Ap itself 
is not convenient. The percentage difference between 
experimental and theoretical values of Ay is hence 
shown in Figs. 4 and 5 as a function of Z. 

Figure 4 compares experimental results with Christy 
and Keller’s expression (23) after B has been evaluated 
to give the least (weighted) mean square error. It is 
clear that there is some systematic deviation from ex- 
pression (23) which produces a small decrease in Av. 
The deviation increases in magnitude very rapidly with 
Z, so that even with a choice of B to give a (weighted) 
mean square fit, points for Z>90 are in considerable 
error. It is clear, too, that a change in the value of the 
fine structure constant will not appreciably improve 
agreement. 

At this point we pause to discuss the type of weight 
function used in minimizing the weighted mean square 
error. A given fractional error plotted on Fig. 4 repre- 
sents an error in frequency or energy which increases 
as Z‘, since Ay itself is approximately proportional to 
Z*‘. Hence if there were a fixed error in frequency in all 
the x-ray measurements, a weight function of Z* 
should be used. On the other hand, a constant fractional 
error in measurement of Ay calls for a constant weight 
function. The actual weight function used was Z?, 
so that a given fractional error for Z=92 is weighted 
approximately 1.7 times the same error at Z=70. 
Since the weight function is not greatly different for 
these two extreme values of Z, details of the choice of 
a weight function are not critical. Hereafter wherever 
mean square errors are discussed, it is to be understood 
that the weight function Z* has been used. 

If the small term (21) due to finite nuclear size is 
added to (23), one has 


Av 
= E a’)S(aZ) — 2a®Z*f (aZ) + BZ? 


x[1+Des"2-m}, (24) 
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Here the value }=0.0837 has been chosen. This is an 
average between the two rather similar values for a 
nucleus of uniform charge, and one with a surface 
charge only. 

Figure 5 shows that (24) gives good agreement with 
experimental values of Av, with no noticeable systematic 
errors. For this figure, the known value 1/a= 137.038 is 
used while D and B are chosen to minimize the mean 
square error. If 1/a is also regarded as an unknown con- 
stant and also chosen to minimize the mean square 
error the value obtained is 137.04, in remarkable agree- 
ment with the accepted value. The constant D ob- 
tained in minimizing the errors is — 1.42 10™. 

The sign of D is expected to be negative, correspond- 
ing to a decrease in the fine structure splitting. For 
normal *p levels, the *p, is lowest in energy. Because a 
nucleus of finite size does not give as large an attractive 
potential as a point nucleus, the difference in potential 
may be regarded as repulsive, which should increase 
the *p, level for the normal case and bring it closer to the 
*p,. For the x-ray levels involving a missing electron 
from the 2p orbit, the fine structure should also be 
decreased by this effect. 


DISCUSSION OF ERRORS 


We shall consider here errors in the determination of 
D due to random experimental errors, to omission of 
terms in the Christy and Keller formulation which are 
dependent on high powers of Z, and to extrapolation or 
interpolation of Christy and Keller’s values for the 
function f(aZ 

Deviations of the points from a straight line in Fig. 5 
are approximately what may be expected from the 
accuracy to which the experimental points have been 
determined. It is evident from this figure that the 
accuracy of individual measured values of D is about 
0.05%. From Fig. 4, it may be seen that the system- 
atic deviation in D due to non-Coulomb fields near the 
nucleus is approximately six times the random errors 
of points, or 0.39%. Hence the accuracy to which the 
constant D is known from the present experimental data 
is about 15°, or possibly better if a probable error from 
statistical considerations is quoted. In terms of an 
effective nuclear radius, the 15% error in D corresponds 
to 10% uncertainty in the radius. 

Although the data came from x-ray work of high 
precision, the measurements were not made with the 
application of this paper in mind, and hence it is hoped 
that more precise x-ray measurements for the deter- 
mination of deviations from a Coulomb field can be 
made. Extremely careful measurements might even 
show up variations in effective radii due to shell struc- 


ture. 

There are two evident possible sources of error which 
come from using the calculations of Christy and Keller 
as is done above. One is in interpolation or extrapolation 
of the values in their Table II from which the /(aZ) of 
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expression (24) is obtained. The function f(aZ) was 
obtained from this table by assuming it to be a power 
series in aZ or a power series in 1—(1—a*Z*)* using 
various numbers of terms in the series. The agreement 
among the different types of expansions indicates 
rather clearly that errors in interpolation or extra- 
polation of f(aZ) do not produce errors in D greater 
than 2 or 3%. The expansion in 1— (1—a*Z*)! appears 
best, since it converges most rapidly. 

Another source of error might be neglected small 
terms in the Christy and Keller formulation which 
depend on high powers of Z. The largest of these appear 
to be involved in the assumption that the function 
(S(aZ)/(aZ)*|fe(aZ) is BZ*, where B is a constant. 
The actual function is unknown, but may be expected to 
be something like the term in s* obtained from the ex- 
pansion of S(a(Z—S)), or 


5 2 
po~( ) 
pA 


6 75 371 
< (aZ)*+ (aZ)§+ (aZ)*+--- (25) 
32 56 1024 


to 


Here s is the screening constant. Coefficients of powers 
of aZ in this expression are rather large, being an order 
of magnitude larger than similar coefficients for the fine 
structure without screening. The term (aZ)* in the 
brackets of (25) actually is proportional to Z* because 
of the 1/Z* in front of the brackets. Hence it should add 
to the fine structure, which is also approximately propor- 
tional to Z*. It results in a change in the fine structure of 
about Av/160, and hence in the fine structure constant a 
of about a/640. This would change 1/a from 137.04 
in excellent agreement with other values to 136.83 
in rather poor agreement. Hence the actual coefficient 
of the term (s/Z)*(aZ)* in BZ* must be somewhat less 
than that indicated by (25). Since the term (aZ)* in the 
brackets of (25) would produce some deviation at 
large Z from the fine structure expression of Christy 
and Keller, it may be expected to contribute to the 
constant D. Calculation shows that its contribution to 
D is 14% of the experimentally observed value. Further- 
more, since the value of a indicates that the coefficient 
of the preceding term in (aZ)® is considerably less than 
that given by (25), it may be expected that the coefh- 
cient of the term in (aZ)* and its contribution to D is 
also less than is given here. Additional higher powers 
of aZ make contributions to D which are still smaller, 
and hence may be neglected. 


DISCUSSION OF THE MAGNITUDE OF D 


The value found for D, — 1.42 10, is of the correct 
sign and of approximately the correct magnitude to be 
expected from the nuclear effect described above. If D 
is attributed entirely to the finite nuclear size, the result 
may be expressed in terms of the radius of a fictitious 
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uniformly charged nucleus as 


r= (2.1+0.2)X10-"A!t cm, (26) 


where A is the atomic number. This uses the normaliza- 
tion mentioned above of Wertheim and Igo.* More 
precisely, the result gives (r'-*),, for the nuclear charge 
distribution as pointed out above. This value of the 
radius is much too large to be consistent with recent 
experiments on nuclear radii. These indicate an effective 
radius near 1.2X10-"A! cm, which would give a value 
of D of only about —0.60X10~. The discrepancy be- 
tween —0.60X10~ and the observed value of — 1.42 
X10~ requires an examination and comparison of the 
various methods for determining nuclear “size.” A 
comparison of this general type has already been given 
by Hill and Ford.” However, certain points are worth 
restatement and further elaboration here. 

Recent experiments on electron scattering, on x-rays 
from yw mesonium, and the present fine structure 
anomaly all depend on observing variations from a pure 
Coulomb field and attributing these variations to the 
finite size of the nucleus. It must be realized, however, 
that these three methods of measurement determine 
different functions of the deviations from a Coulomb 
field, and hence can be expected to yield different effec- 
tive radii. This difference is primarily because of the 
varying wavelengths of the particles involved. The u 
meson and the electrons which are scattered have wave- 
lengths of the order of 10-" cm, whereas the wave- 
length of the 2 electron in heavy elements is about 
1000 times larger. 

As shown above, the present method yields a quantity 
of the approximate form (Ze) f par*p.dv, which is very 
nearly (r'*),. The y-mesonic x-ray measurements 
determine a quantity which is rather similar but which 
involves the probability density for the 4 meson rather 
than that for the electron. This assumes that there is 
no specific interaction between the u meson and nuclear 
matter large enough to affect the results. For the 1s 
state, the probability density of the » meson is greatest 
at the center of the nucleus, dropping to about 4 of 
this value at the edge of the nucleus in the case of Pb, 
and to 1/1.7 for the case of Cu. Thus the u-mesonium 
experiment gives a weighted mean square radius with 
the weight function increasing rather rapidly towards 
the center of the nucleus. Hence if the charge density is 
greatest in the center of the nucleus, the u-meson experi- 
ment can be expected to yield effective radii which are 
somewhat less than those from x-ray fine structure. 

Electron scattering can in principle give rather com- 
plete information about the nuclear charge distribution. 
Howerer, the grosser effects and results which are 
presently available depend most strongly on regions 
where the potential changes very rapidly. Thus electron 
scattering determines most readily charge distribution 
in the central dense region of the nucleus and is rela- 


4D. L. Hill and K. W. Ford, Phys. Rev. 94, 1617 (1954). 
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tively insensitive to the region outside this where 
the charge density may be smaller and decreasing slowly 
One may hence expect that electron scattering will 
also give effective radii somewhat less than those ob- 
tained from x-ray fine structure. 

These considerations strongly suggest that there is 
some non-Coulomb field extending over a distance 
considerably larger than the usual nuclear radius which 
would contribute importantly to the fine structure 
separation, but not to the other two types of measure- 
ment. One such possibility is a long tail on the nuclear 
charge distribution. Although it appears possible to fit 
the results of all three types of measurements with such 
a nuclear model, the “‘tail” must be so long as to be quite 
unreasonable. A second and more attractive explana- 
tion involves quantum electrodynamic effects which 
produce deviations from a Coulomb field over a distance 
considerably larger than the nuclear radius. In fact, the 
present results seem to give evidence for the existence 
of a Lamb shift for these levels, and provide a valuable 
method of measuring such effects when aZ is not small 
compared with unity. 


ELECTRODYNAMIC EFFECTS 


Quantum electrodynamic effects may be of some im- 
portance in each of the three types of experiments men- 
tioned above. Cooper and Henley show,’ for example, 
that vacuum polarization due to the creation of electron 
pairs affects the nuclear radius determined from the 
u-mesonium experiment by about 1%. Christy and 
Keller® give the cerrection to x-ray fine structure due to 
vacuum polarization as approximately (mc*/160rZ) 
(aZ)’. This has the largest fractional effect on the fine 
structure for large Z, where it is close to 1/5000 of the 
fine structure splitting. It is not only too small, but 
also varies too slowly with Z to produce much error in 
the nuclear size effect discussed above. This expression 
given by Christy and Keller is accurate, however, only 
for small values of Z, and examination shows that it is 
quite misleading for Z in the range 70 to 92. 

When aZ is not much smaller than unity, it is very 
difficult to calculate the effects of vacuum polarization 
and the Lamb shift. We can only show here that 
quantum electrodynamic effects are probably large 
enough to produce a major part of the fine structure 
anomaly. 

If aZ<1, electrons about the nucleus experience an 
attractive potential due to vacuum polarization of the 
form. 

a Ze 
V >= f(p), 


2x 


(27) 


where p=2xr/, and A is the Compton wavelength 
= 2.4X10-" cm. 


x ' 2e?(1— 1/32") —2p 
fe-| -_-_—— ex pa 
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It may be noted from that the vacuum polarization 
may be considered to have a range near A/2z, or 
4X10 cm. This is much larger than the nuclear 
radius, but considerably smaller than the average 
radius of a 2p electron orbit. 

Although the expression (27) for V, is accurate only 
for aZ<1, it was used to obtain a rough magnitude for 
the effect of vacuum polarization on the 2p;-2p, fine 
structure. The results showed that vacuum polarization 
gives an effect on the fine structure which varies with Z 
much like the effect of the finite nuclear radius, and 
about 40% as large as that expected from a nuclear 
radius of 1.5X10~"A}. Since the potential is attractive, 
however, it is in the wrong direction to account for the 
anomalously large effect of the “finite nuclear radius” 


SCHAWLOW AND C. H. TOWNES 


observed above. Wichmann and Kroll" have recently 
succeeded in making a much more complete calculation 
of vacuum polarization without requiring that aZ<1. 
They find an effect on the x-ray fine structure which is 
not very different from that given here. 

Since vacuum polarization gives the equivalent of an 
attractive potential, its effect is to give too small an 
effective radius for the nucleus rather than the observed 
large radius. The Lamb shift, on the other hand, does 
correspond to a repulsion and hence gives an effect 
of the correct sign. Its calculation for the case when aZ 
is not very small is difficult and has not yet been done. 
When it is accomplished, the observed fine structure 
anomaly may afford a good method of testing these 
electrodynamic corrections for large Z. 

4 —. Wichmann and N. M. Kroll, Phys. Rev. (to be published). 
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71+6)%, 


0.704+0.02 Mev beta group 


A - ape . - 
intensities of 5+0.5)%, and (5+0.5 


In addition, 


directly to the ground state 


INTRODUCTION 


“NALCIUM-47 has been the subject of several recent 
4 investigations; the results of these studies, how- 
ever, indicate considerable uncertainty exists concerning 
Cork et al. 
reaction on enriched (9.6%) 
Ca“. Marquez*® prepared Ca‘ by irradiating K»Cr.0; 
in the 450-Mev synchrocyclotron at the University of 


the decay characteristics of this nuclide. 
prepared Ca‘ by an (n,7 


Chicago 

Aten, Grevell, and Van Dijk’ prepared Ca’ by the 
reaction Ca‘*(d,dn)Ca” and Ti®(d,ap)Ca” 
Mev deuterons. Table I is a summary of data obtained 


using 26- 


by these workers. 

From Table I, it is apparent that some serious dis- 
the 
gamma spectrum is in some doubt. Because of the 


crepancies appear in the beta energies and that 


possible medical and bioiogical interest in Ca*’, it 
seemed worthwhile to attempt clarification of the decay 
scheme 


t Work performed under contract to the U. S. Atom 
Commission 
' Cork, LeBlanc, Brice, and Nester, Phys. Rev. 92, 367 


“nergy 


1953 
* Luis Marquez, Phys. Rev. 92, 1511 (1953 


* Aten, Grevell, and Van Dijk, Physica 19, 1049 (1953 


Or 


has been investigated by using beta-gamma coincidence measurements and NaI gamma-ray 
Three gamma rays of energies 1.29 Mev, 0.812 Mev, and 0.500 Mev are present with absolute 
respectively. These gammas are in coincidence with a 
24+6)% of the decay is through a 1.9+0.2 Mev beta group 


PREPARATION AND PURIFICATION OF THE SAMPLE 
Calcium-47 was prepared in two different ways: 


(a) In the 86-inch cyclotron at Oak Ridge National 
Laboratory (ORNL) by irradiation of CaO with ~14- 
Mev protons: 


Ca**(p,2p)K*; K’—Ca*’ and Ca**(p,pn)Ca*’. 


(b) By irradiation with thermal neutrons on enriched 
(9.6%) Ca* in the low-intensity test reactor at ORNL: 
Ca**(n,y)Ca™. 

Gamma ray and decay data obtained from Ca‘ pre- 
pared in each manner were in agreement. Because of the 
larger amounts of calcium in the proton-irradiated 
material, 4x beta counting was not tried with this 
source. Chemical processing of the sample was the same 
for both methods of preparation and is described below. 

The calcium oxide was dissolved in dilute nitric acid 
and the pH adjusted to ~2.0. The daughter Sc ac- 
tivity, together with other Sc activities was removed 
by successive extractions with 0.5M thenoyltrifluoro- 
acetone (TTA) in xylene.‘ 

To the aqueous solution, iron (IIT) carrier was added 
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Taste I. Decay characteristics of Ca*’. 











Cork ef al. Marquez® Aten ef ale 
Beta energy 0.46 Mev 0.685 Mev (81%) 0.8+0.2 Mev 
and intensity 1.4 Mev 2.06 Mev (19%) 2.0 Mev 
Gamma energy 1.30, 0.800, 1.340.2 Mev 7 
and intensity 0.495, 0.234 (3.4 times intensity of 
0.150 Mev 2.0-Mev beta group) 
Half-life 5.35+0.1 day 4.3 day 











* See reference 1. 
» See reference 2. 
* See reference 3. 


and a series of Fe(OH); precipitation scavengings were 
performed by making the solution basic. Finally the 
calcium was precipitated as calcium oxalate by addition 
of ammonium oxalate to the solution at pH~10. The 
calcium oxalate was filtered, washed, ignited to calcium 
oxide in a furnace at 800°C and the CaO dissolved in 
dilute nitric acid and made to volume. Aliquots were 
then taken from this solution for counting. The time 
elapsed between final separation of the Ca‘? from the 
3.5-day Sc? daughter and counting was between one 
and two hours. 

Aliquots of the Ca*’ solution were used for decay 
measurements, 4x-coincidence counting, aluminum beta 
absorption counting, NaI gamma-ray spectrometry, and 
beta-gamma coincidence measurements using an ex- 
ternal beta counter. 


EXPERIMENTAL RESULTS 


Examination of the gamma-ray spectrum (Fig. 1) of 
the Ca‘? using a 3 in.X3 in. NaI(Tl) gamma-ray spec- 


1.29 Mev 


0.812 Mev 
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Fic. 1. Gamma-ray spectrum of Ca®. 





trometer indicates the presence of three gamma rays 
associated with Ca*’, By comparison of the pulse-height 
voltage of these peaks with the pulse-height voltages 
of known gamma-ray energy standards the gamma-ray 
energies have been found to be 1.29 Mev, 0.812 Mev, 
and 0.500 Mev. The small peak at 160 kev is associated 
with the 3.5-day Sc’ daughter. The absolute intensities 
of the three Ca‘? gamma rays were measured by inte- 
grating beneath a linear pulse height vs count rate plot 
of the gamma-ray spectrum and dividing by known 
efficiency factors for the three gamma-ray energies, 
These efficiency factors have been obtained in a manner 
similar to that described by Kahn and Lyon. 

The absolute disintegration rate of the Ca*’ solution 
was obtained by 42-coincidence counting. Here an 
aliquot of the Ca*? was evaporated to dryness on a thin 
(25 ug/cm*) plastic film 2.3 cm in diameter and coated 
with 25 « g/cm? Al to make it conducting. This film, 
supported by an aluminum holder, was placed in a 44 
counter, and the counter was evacuated, filled to one- 
half atmosphere with methane, and used as the beta 
detector. The 3 in.X3 in. NaI gamma spectrometer was 
used as the gamma detector. The pulse-height selector 
of the spectrometer was set so as to accept only counts 
from the 1.29-Mev gamma-ray photopeak. The dis- 
integration rate of the Ca‘? source was then found as: 


No - CsXC, ( By (1) 


where Cs= observed beta counts per minute, C,=ob- 
served gamma counts per minute, Cs,= observed beta- 
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Fic. 2. Block diagram of y~y coincidence 
spectrometer assembly. 


* B. Kahn and W. S. Lyon, Nucleonics 12, 26 (1953). 
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Fic. 3. Ca” Gamma-gamma coincidence data: (a) y-y coinci- 
dence spectrum of 1.29-Mev y ray. (6) y-y coincidence spectrum 
of 0.812-Mev y ray 


gamma coincidence counts per minute after correction 
for background and random coincidence counts was 
made, and No=number of disintegrations per minute 
of Ca*’. 

In addition, the disintegration rate of the source was 
determined by setting the pulse-height selector so as to 
accept gamma pulses only from the 0.812-Mev y-ray 
photopeak and then from the 0.500-Mev gamma ray 
photopeak. The values obtained agreed with each other. 

The fraction of decay proceeding through each 
gamma ray was then found by dividing the absolute 
intensities of the gamma rays by the absolute disinte- 
gration rate. These data indicate the decay to proceed 
(714+6)% through the 1.29-Mev gamma ray and 
(5+0.5)% through the 0.812-Mev and 0.500-Mev 
gamma ray. Approximately 24% of the total beta 
disintegrations are unaccompanied by gamma radiation. 

Through the kindness of P. R. Bell and N. H. Lazar, 
several sources of Ca‘? were examined. by using a cali- 
brated 3 in.X3 in. NaI(T1) crystal and a 40-channel 
pulse analyzer. The results are in agreement with those 
given above. 

As a further check on the absolute disintegration 
rate of the Ca’ 4x source, the source was removed from 
the 4x chamber and after several weeks, the gamma-ray 
spectrum was again obtained using the spectrometer. 
The amount of Sc’ 0.160-Mev gamma ray present was 
then obtained by graphical integration. With knowledge 
of the efficiency of the spectrometer for this gamma ray, 
the branching ratio of Sc*’, and the half-life of Sc*’,* 
together with the half-life of Ca*’, the amount of Ca” 
parent can be calculated. This calculation was made for 
several different preparations and was found to agree 


LYON AND T. H. HANDLEY 


with the 4x-coincidence value within experimental 
error. 

P Decay of the purified Ca‘? was followed on a well- 
type Nal scintillation counter equipped with an 
~5 g/cm? Pb absorber so as to absorb essentially all 
of the 160-kev gamma rays from the daughter Sc’ 
activity. Decay followed over 5 half-lives indicates the 
Ca* half-life to be 4.5 days. 

Because of the equal intensities of the 0.812-Mev 
gamma and the 0.500-Mev gamma, it appeared rea- 
sonable that they were in coincidence, and that the 
1.29-Mev gamma ray was a cross-over gamma ray. To 
establish this, gamma-gamma coincidence data were 
obtained. The assembly used is shown schematically in 
Fig. 2. Gamma detector number 1 was a 3 in.X3 in. 
NalI(TI) crystal, and gamma detector number 2 was a 
1 in.X14 in. NalI(TI) crystal. When the source is 
placed between the two detectors, pulses from each 
crystal go through A-1 amplifiers and the single-channel 
analyzers and thence toa variable delay box where the 
delay in the two circuits is matched. Events occurring 
within the resolving time of the instrument and recorded 
as coincident are fed into a log count rate meter and 
thence to a Brown recorder. The pulse-height selector 
in the number 1 circuit was first set on the 1.29-Mev 
7 peak and the slit width opened to its full value of 10 
volts. By use of the automatic-scan pulse-height 
selector in the number 2 circuit, the coincidence 
counting rate as a function of pulse height (using a 5- 
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Fic. 4. Beta-gamma coincidence rate as a function of Al ab- 
sorber placed before the beta counter. (¢) Ca‘? 8—1.29-Mev + 
coinc. (6) Ca” 8—0.81-Mev y coinc. (c) Ca” 8—0.50-Mev 7 
coinc. (d) Rb** 0.68-Mev 8—1.08-Mev + coinc. 
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volt slit) in the number 2 circuit was observed. The 
speed of the Brown recorder was synchronized to that 
of the variable-scan pulse-height selector in circuit 2. 

Figure 3 is a replot of data obtained by using this 
assembly. The upper curve is a plot of coincidence 
counting rate vs pulse height in circuit 2 when the 
invariant pulse height in circuit 1 was set on the 1.29- 
Mev photopeak. It is evident that there are no coinci- 
dences between the 1.29-Mev + and the other two Ca” 
gamma rays. The lower curve is a replot of data ob- 
tained when the invariant pulse-height selector was set 
on the 0.812-Mev photopeak. Here it is apparent that 
the 0.500-Mev gamma ray is in coincidence with the 
0.812-Mev gamma ray as evidenced by the peak in 
coincidence counting rate at about 0.500 Mev. In addi- 
tion, coincidences between the 0.812-Mev photopeak 
and the 0.500-Mev Compton distribution are seen. 
Thus, the two lower-energy gammas are shown to be 
coincident. 

By replacing the Nal crystal and amplifier and pulse- 
height selector in Fig. 2 with an end-window beta 
proportional counter and scaler, and by feeding the 
coincidence counts into a mechanical recorder, it is 
possible to obtain beta-gamma coincidence data. Here 
the gamma detector is set on the photopeak of a par- 
ticular gamma ray and the coincidence counting rate 
as a function of aluminum absorber placed before the 
beta detector is obtained. 

Aluminum absorption data were obtained with the 
gamma detector set first at 1.29 Mev, then at 0.812, 
and finally at 0.500 Mev. Figure 4 is a replot of these 
data; here the coincidence rate is plotted as a function 
of aluminum absorber. The similarity in slopes suggests 
that the low-energy gamma rays and the 1.29-Mev 
gamma ray are in coincidence with the same beta 
group. 

By comparison of the slope of these curves with 
slopes of known energy beta-gamma coincidence curves, 
the maximum energy of this beta group may be set. 
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Fic. 5. Aluminum absorption data of Ca” count rate as a 
function of absorber thickness. 
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Fic. 6. Decay scheme of Ca*’. 


The 0.68-Mev beta-gamma coincidence spectrum of 
Rb* is also shown in Fig. 3. It seems apparent that the 
beta energy of the lower energy Ca’ is close to that of 
Rb*®, and we have assigned a value of 0.70+0.02 Mev 
to this group. The beta counting aluminum absorption 
data indicate the presence of a more energetic beta 
group (Fig. 5). Resolution of the beta absorption curve 
indicates the more energetic beta group comprises about 
24% of the total number of beta disintegrations. This 
is in agreement with the fraction of beta decay unac- 
companied by any gamma. A search was made for a 
lower-energy gamma ray corresponding to those pre- 
viously reported.’ None was found. In addition, at- 
tempts were made to find coincidences between the 
hard-beta group and any low-energy gamma ray; no 
statistically significant coincidences were obtained. 
Thus, it appears that this beta group goes directly to 
the ground state. The maximum beta energy of the 
more energetic beta-ray group was found by plotting 
and analyzing the aluminum absorption data using the 
method of Harley and Hallden,* and the value obtained 
was 1.93 Mev+0.2 Mev. 


CONCLUSIONS AND ACKNOWLEDGMENTS 


Based on the experimental findings reported above, 
a decay scheme (Fig. 6) can be drawn which appears 
consistent with the data. These results are in fair agree- 
ment with those of reference 3. The sequence of the 0.8 
and 0.5 y rays is presently unknown. 

Note added in proof.—The log ft values for the 1.9- 
Mev and ().70-Mev beta transitions as calculated by the 
method of Moszkowski [ Phys. Rev. 82, 35 (1951) ] are 
8.2 and 6.0, respectively. These are much too high to 
be in agreement with spin and parity assignments pre- 
dicted by the single particle model. At present, no 
explanation for this discrepancy can be offered. 

The authors are indebted to Farno Green who 
originally suggested the investigation and supervised 
the cyclotron irradiations and to P. R. Bell and N. H. 
Lazar for several helpful discussions and suggestions. 


* J. H. Harley and N. Hallden, Nucleonics 13, No. 1, 32 (1955). 
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The formation cross sections of Sr®, Zr’, Pd, Pd“*, Ag™, and Ba were measured from the bombard- 
ment of natural uranium with deuterons of various energies (20-190 Mev). 


I. INTRODUCTION 


INDNER and Osborne’ were among the first to 

study in detail the manner in which individual 
fission reactions change with bombarding particle energy 
in the hundred-Mev region. The present work furnishes 
additional data about individual fission reactions and 
serves to provide a somewhat broader basis for further 
study of the mechanism of high-energy fission.? Natural 
uranium was bombarded with various energy deuterons 
(20-190 Mev) and the following nuclides observed: 
Sr®, Zr’, Pd’, Pd, Ag", and Ba™, 


Il. EXPERIMENTAL PROCEDURE 


Targets bombarded using the internal circulating 
beam of the Berkeley 184-inch cyclotron were assembled 
according to the schematic drawing in Fig. 1. The 
aluminum beam monitor and uranium target foils were 
sandwiched between guard foils of the same material 
to protect them from contamination and to com- 
pensate for loss of recoiling radionuclides. Foils were 
cut in a special device to produce foils of equal area. 
The monitor and target foils were weighed, assembled, 
and aligned to ensure that all foils intercepted the same 
beam intensity. Targets were bombarded at various 
radii to select particle energies. 

Activity of Na™ produced in the aluminum monitor 
foil was counted without chemical separation as a 
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Fic. 1. Schematic arrangement of target and monitor foils 
for bombardment in the circulating beam of the 184-inch 
cyclotron 
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* This work was performed under the auspices of the U. S. 
Atomic Energy Commission 

t Present address: Westinghouse Atomic Power Division, Pitts 
burgh, Pennsylvania. 

1M. Lindner and R. N. Osborne, Phys. Rev. 94, 1323 (1954) 

* H. G. Hicks and R. S. Gilbert, Phys. Rev. 100, 1286 (1955 
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measure of the incident beam intensity. The cross 
section of the reaction AP’(d,ap)Na™ at any particular 
bombarding energy and counting corrections for Na™ 
in aluminum foils were obtained from the data of 
Batzel, Crane, and O’Kelley.? 

Bombardments with deuterons of energies below 30 
Mev were not carried out on the 184-inch cyclotron 
because of the energy spread of the beam at small 
radii and the rapid variation with energy of the Na™ 
formation cross section. Targets were bombarded with 
19-Mev deuterons from the Crocker 60-inch cyclotron. 
These targets were made of weighed 0.001-inch uranium- 
metal foil disks, § inch in diameter. The incident deu- 
teron beam intensity was measured with a Faraday cup. 

After bombardment, the target foils were dissolved 
in the presence of weighed amounts of the elements 
whose radioactive isotopes were to be studied. Radio- 
chemical analyses (see Appendix) were subsequently 
performed to determine the number of radioactive 
atoms formed during bombardment. The radioactivities 
of all nuclides investigated were counted for at least 
three half-lives as a check on radiochemical purity and 
tc ensure proper determination of the number of radio- 
active atoms produced by the bombardment. The 
effect of sample scattering on counting rate has been 
measured for each nuclide investigated (see Appendix). 


Ill. DISCUSSION 


The excitation functions (plot of formation cross 
section versus incident particle energy) are shown in 
Fig. 2. When available, the data of Lindner and Osborne 
have been included to show the excellent agreement 
between the two investigations. 

Lindner and Osborne! observed maxima in fission- 
product excitation functions. They have pointed out 
that the maxima they observed occur at higher bom- 
barding-particle energy the lower the neutron-to-proton 
ratio of the observed nuclide. The maxima of the 
excitation functions in Fig. 2 are in general agreement 
with the previous observations. The decrease with 
increasing energy is ascribed to the increase of the 
formation probability of less neutron-rich isobars at 
the higher bombarding energies.' 

The total 109 and 112 mass yields should be nearly 
the same, for these masses are near the expected peak 


* Batzel, Crane, and O’Kelley, Phys. Rev. 91, 939 (1953). 
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Fic. 2. Energy dependence of formation cross section of 
certain fission products of natural uranium by deuteron bom- 
bardment. 


of the high energy fission-product distribution. Below 
75 Mev, the cross sections for formation of Pd™ and 
Pd" are the same (Fig. 2), while above 75 Mev, the 
Pd"? (n/p= 1.44) formation cross section is lower than 
that of Pd’ (n/p=1.37). This decrease of the Pd’ 
formation cross section relative to that of Pd’ can be 
attributed to the direct formation by fission of Ag" 
(n/p=1.38) by the above hypothesis. This effect was 
demonstrated by isolating a silver fraction from pal- 
ladium a few minutes after a 190-Mev bombardment. 
This silver fraction was then purified from other fission 
products by standard radiochemical analyses. After 
correcting the observed Ag'™ activity for growth from 
Pd'™ before separation, the direct formation cross 
section was found to be 20 mb at 190 Mev. The differ- 
ence between the Pd’ and Pd!" formation cross sections 
at 190 Mev was about 20 mb. 

The Zr’ excitation function also shows a marked 
decrease with increasing energy (Fig. 2). Attempts 
were made to measure the direct formation cross section 
of Nb*’, but the niobium could not be separated from 
the zirconium present with sufficient rapidity to afford 
an unambiguous answer. After correction for the growth 
from Zr’, the upper limit of the Nb® cross section was 
set at 8 mb. The maximum of the Zr*’ cross section is 
78 mb, and the cross section at 190 Mev is 72 mb 
(Fig. 2). This decrease is just outside the experimental 
error and is almost certainly less than 8 mb. The results 
of the study of the 97 chain, while not conclusive, are 
in agreement with the postulate. 


PRODUCT YIELDS OF U 


1285 


IV. ACKNOWLEDGMENTS 


The authors would like to express appreciation to 
Dr. Manfred Lindner and Mr. R. N. Osborne for the 
use of some of their data prior to publication; to Mr. J. 
T. Vale and the crew of the 184-inch cyclotron, and to 
Mr. G. B. Rossi and the crew of the 60-inch cyclotron 
for their cooperation in making these bombardments 
possible; and to Mrs. E. Read for technical assistance. 


APPENDIX 


All samples were transferred to tared aluminum dishes, weighed 
and fixed onto the dishes with a solution of clear Zapon lacquer. 
The dishes were then mounted in a depression in yy-inch-thick 
aluminum plates machined to fit into a standard end-window 
Geiger tube mount. A Bureau of Standards Radium DEF 
Standard placed in the same position indicated a counting yield 
of 3.11% for the Amperex 100 CB tube used for the work. Total 
radiation (beta and gamma) of the samples was counted, and 
corrections were made for the effects of air gap and window 
absorption, backscattering, and sample scattering and absorption. 

The air-window corrections were obtained from aluminum 
absorption curves, or eliminated by comparing the count rate of 
a carrier-free sample on a very thin backing as determined by the 
Geiger tube with that obtained in a proportional counter of 100% 
geometry. 

The work of Stevenson and Nervik‘ showed that the apparent 
specific activity of a beta emitting sample varies with the mass 
thickness of the sample, the composition of the sample, and the 
energy of the beta transition. These sample scattering effects 
were measured for each nuclide investigated (Fig. 3). An aliquot 
of the radionuclide free of carrier was evaporated onto a thin 
Tygon film and counted with and without saturation aluminum 
backing. In the case of Zr’, a thin sample was also measured on 
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Fic. 3. Empirical corrections of counting data for the combined 
effects of self-scattering, self-absorption, and saturation back- 
scattering. 


*P. C. Stevenson and W. E. Nervik, Nucleonics 10, No. 3, 18 
(1952). 
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the 100% geometry proportional counter. A large aliquot of the 
assayed carrier-free solution was then added to a known amount 
of carrier. After exchange had been assured, samples of various 
mass thickness were prepared. The samples were then counted 
in the same manner as samples from the bombardments. The 
ordinates of Fig. 3 represent the total scattering factor (back- 
scatter, self-scatter, and self-absorption) of the samples. 

The disintegration rate of a sample was determined by the 
equation : 

Disintegrations/min = (counts/min) ote(faw/f,) (100/¢), 
in which f.. is the correction for air gap and window absorption, 
J., the total scattering factor as defined by the ordinates of Fig. 3, 
and g is the percent physical geometry for the counter (3.11%) as 
measured by a radium DEF Standard or by the 100% geometry 
counter 

The following is a summary of the chemistry and counting 
techniques used for the nuclides included in the excitation func- 
tions of Fig. 2. 

Sr®.—Initial separation was delayed for one week so that the 
9.7-hour Sr could decay to undetectable levels in order to avoid 
interfering radioactivity of the 61-day Y". The Sr was separated 
with Ba as the nitrate, scavenged with Fe(OH), using NH; gas, 
the Ba removed by repeated precipitation of BaCrO, from 
NH.,Ac solution (pH 5), and finally the precipitation of Sr as the 
carbonate 

Zr".—Initial separation was performed immediately after 
bombardment since its precursors are presumed to be short. The 
zirconium was extracted into 0.4M thenoyltrifluoroacetone (TTA) 
in benzene from 4M HCl or HNO, after initial extraction of the 
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aqueous phase by diisopropyl ketone. The TTA phase was washed 
three times with 4M HNO,, evaporated to dryness, and ignited 
to ZrO. 

Pd™, Pd"*.—Separation of the Pd fraction was made about 
two hours after bombardment so that more than 99.9% of 
the 22-minute Pd™ could decay, and thus minimize the Ag™ 
contamination of the final Pd fraction. A correction was made for 
the activity of the 3.2-hour Ag" daughter of Pd™*. The Pd was 
separated as the sulfide from 6N HC! and as the dimethylglyoxime 
(DMG). Scavenges of Fe(OH); and AgCl were used, and the Pd 
was placed onto a Dowex A-1 column (50.3 cm of 200 to 300 
mesh) with dilute HCl. The column was washed with 0.1M HC! 
and 1.5N H,SO,, and the Pd eluted with 1N NH,OH. The final 
precipitate was Pd dimethylglyoxime. Pd“? was also determined 
by milking the Ag"? from a target solution about twenty-four 
hours after an initial AgCl scavenge had been performed. Silver 
chemistry (see below) was performed on the milked Ag fraction. 

Ag'".—Initial separation of the silver fraction was delayed at 
least thirty hours to permit complete decay of the 5.5-hour 
Pd. Silver was separated as the chloride, iodide, sulfide, and 
the metal (using ascorbic acid reduction in dilute ammonia 
solution). Iodide carrier was added during the sulfide precipitation 
which followed a ferric hydroxide scavenge from ammonium 
hydroxide solutions. 

Ba'®.—For convenience this nuclide was separated with the 
strontium fraction one week after bombardment. A correction 
was made for the La™ daughter activity. The Ba was separated 
as the nitrate, chromate, and chloride. Scavenges of Fe(OH); 
with ammonia gas were used. The final precinitate for sample 
preparation and weighing was BaCrQ,. 
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Formation cross sections of a number of fission products of U™ have been measured as a furction of 
bombarding particle energy using deuterons (19-190 Mev), protons (70-340 Mev), and helium ions (50-380 


Mev 


Fission product distribution curves as well as fission cross sections have been measured for deuterons 


and protons of the above energies. The mechanism of high-energy fission is discussed. 


I. INTRODUCTION 


NUMBER of investigators have studied fission 
induced in heavy elements by high-energy charged 
particles: Goeckermann and Perlman,' bismuth with 
190-Mev deuterons; O’Connor and Seaborg,’ natural 
uranium with 380-Mev helium ions; Folger, Stevenson, 
and Seaborg,’ natural uranium with 340-Mev protons; 
Biller,‘ bismuth with 340-Mev protons; Newton,* tho- 
* This work was performed under the auspices of the U. S. 
Atomic Energy Commission 
+ Present address: Westinghouse Atomic Power Division, Pitts- 
burgh, Pennsylvania. 
'R 


Goeckermann and I. Perlman, Phys. Rev. 76, 628 
(1949) 
*P. R. O'Connor and G. T. Seaborg, Phys. Rev. 74, 1189 
(1948). 


+ Folger, Stevenson, and Seaborg, Phys. Rev. 98, 107 (1955). 

‘W. F. Biller, Jr., University of California Radiation Labora 
tory Report No. UCRL-2067 (unpublished). 

* 4. S. Newton, Phys. Rev. 75, 17 (1949 


rium with 38-Mev helium ions; Lindner and Osborne,® 
thorium and natural uranium with various energies of 
protons, deuterons, and helium ions; Jungerman,’ U™*, 
U™, and Th™ with various energies of protons, deu- 
terons, and helium ions; and Douthett and Templeton,* 
uranium with 335-Mev protons. The work of Lindner 
and Osborne* and Glendenin, Coryell, and Edwards? 
suggested that further insight into the mechanism of 
high-energy fission could be obtained by the study of 
shielded nuclides. Folger, Stevenson, and Seaborg* 


e °M. Lindner and R. N. Osborne, Phys. Rev. 94, 1323 (1954). 
. Jungerman, Phys. Rev. 79, 62 (1950). 
nea M. Douthett and D. H. Templeton, Phys. Rev. 94, 128 
). 

*Glendenin, Coryell, and Edwards, Radiochemical Studies: 
The Fission Products (McGraw-Hill Book Company, Inc., New 
York, 1951), Paper No. 52, National Nuclear Energy Series, 
Plutonium Project Record, Vol. 9, Div. IV, p. 489. 
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briefly studied the distribution of primary fission 
products along a given mass chain. 

The present work includes the measurement of the 
formation cross sections of a number of fission products 
of natural uranium irradiated by charged particles of 
various energies. Those nuclides studied are long-lived 
members of beta decay chains as well as nuclides closer 
to stability which afford unambiguous measurement of 
their direct formation cross sections. Some information 
has been obtained relative to the charge distribution 
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” Stevenson, Hicks, and Folger, Phys. Rev. (to be published). 
® Batzel, Crane, and O’Kelley, Phys. Rev. 91, 934 (1953). 
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along an isobavic chain as a function of bombarding- 
particle energy. 
Il. EXPERIMENTAL 

Target preparation and bombardment techniques are 
described in the previous paper.” The formation cross 
section of Na™, used as a beam monitor at any particular 
bombarding energy, was obtained from the data of 
Stevenson, Folger, Nervik, Nethaway, and Hicks" for 
the Al*’?(p,3pn)Na™ reaction; Batzel, Crane, and 
O’Kelley” for the Al?"(d,ap)Na™ reaction ; and Lindner 
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and Osborne” for the Al” (a,a2pn)Na™ reaction. Count- 
ing corrections for Na™ in aluminum foils were 
determined by Batzel, Crane, and O’Kelley.” 

After bombardment, the target foils were dissolved 
in the presence of weighed amounts of the elements 
whose radioactive isotopes were to be studied and 
radiochemical analyses (see Appendix) were performed 
to determine the number of radioactive atoms formed 
during bombardment. The effects of sample mass and 
backing material on counting rate have been measured 
for a number of nuclides investigated (see Appendix). 


Ill. RESULTS 


The excitation functions of the nuclides investigated 
in this work appear in Fig. 1. Many of the nuclides 
observed are long-lived members of beta-decay chains 
and are formed principally by beta decay of the primary 
fission products at low energies. Typical of this type of 
nuclide are Sr™, Zr®’, and Ba'® (Fig. 1 and reference 10). 
Fission product distributions as a function of energy 
may be derived from the excitation 

study of shielded 
total mass yields should 


(Figs. 2 and 3 


functions of these nuclides. The 
nuclides combined with the 
afford a measure of the charge distribution along a given 
mass chain 

The measurement of yields of various masses (Fig. 1) 
as a function of energy enabled the construction of the 


light mass side of the U™* fission-product distribution 








curves with protons (75-340 Mev) and deuterons 
(19-190 Mev) as shown in Figs. 2 and 3. The excitation 
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bombarded with various energy protons.” 


4M. Lindner and R. N. Osborne, Phys. Rev. 91, 342 (1953). 
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functions of Lindner and Osborne,* as well as those of 
the previous paper," were used to supplement the 
present work to complete the fission-product distribu- 
tion curves. The total mass yield was calculated by 
summing the measured cross sections and the approxi- 
mated values of those not measured. For instance, the 
cross section for mass 97 was obtained by assuming that 
the cross section of Nb*? was the same as that of Nb*; 
the sum of the cross sections of Zr” and Nb* was 
taken to be the mass 97 cross section. The shape of an 
excitation function that was not measured could be 
approximated by the shape of one measured which was 
nearly the same neutron to proton ratio and of nearly 
the same mass. For example, the shape of the La™ 
(n/ p= 1.46) excitation function was taken to be similar 
to that of Cs (n/p= 1.47), the magnitudes were fixed 
by the cross sections measured with 190-Mev deuterons 
(8 mb) and 340-Mev protons (4 mb). 

The fission-product distribution curve was assumed 
to be symmetrical. The point of symmetry was deter- 
mined from the cross sections for the mass 140 yield 
point calculated from the measured value for Ba on 
the basis of the assumptions mentioned above. This 
point of symmetry, approximately mass 115, was found 
to be relatively insensitive to the value calculated for 
the mass 140 yield, the point shifting one mass unit for 
a 10-millibarn perturbation of the 140 mass yield. The 
true point of symmetry is difficult to determine because 
of the limitations of the radiochemical method; how- 
ever, the main features of the fission-product distribu- 
tions at various energies are not dependent upon the 
exact location of the symmetry point. As the bombard- 
ing energy increases, the fission yield curves show the 
transition from a double-peaked distribution to one 
with a single peak (Figs. 2 and 3). The distribution of 
the mass yield spreads to include lower mass numbers 
as well as higher ones.’ Investigation of other isotopes 
of mass greater than 115 was not undertaken. Appreci- 
able direct formation of stable and neutron-deficient 
nuclides with indefinite decay schemes render the cross 
sections of these higher mass numbers inaccurate. 

Fission cross sections (Fig. 4) were obtained by 
integration under the mass yield curves; the values 
obtained are not sensitive to the position of the point 
of symmetry. 

IV. DISCUSSION 

Reactions of nuclei with bombarding particles of 
energy less than about 30-40 Mev proceed through the 
formation of compound nuclei. As the energy of the 
bombarding particle is increased, the mean free path of 
the projectile in nuclear matter becomes comparable to 
the diameter of the target nucleus, rendering the 
nucleus partially transparent to high-energy nucleons.“ 
At these higher energies, the projectile interacts with 
individual nucleons rather than with the entire nucleus 
as in compound nucleus formation. In each of the 


™ R. Serber, Phys. Rev. 72, 1114 (1947). 














collisions, the energy transfer is small compared to the 
tota! energy of the projectile. The energy transfer to 
the entire nucleus then depends upon the number of 
collisions the projectile makes within the nucleus and 
may vary from the full energy of the projectile to a 
small fraction thereof. The excited nucleus may then 
lose energy by evaporation of nucleons, fission, and 
gamma emission. From each initial highly excited state 
there results a distribution of product nuclei. The 
evaporation of charged particles from a highly excited 
nucleus probably occurs during the first stages of the 
evaporation process when the nuclear temperature is 
the highest and when any effects of excitation energy 
in lowering the Coulomb barrier would be most im- 
portant."® In the case of the U™* nucleus, the fission 
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Fic. 3. Fission-product distribution of natural uranium 
bombarded with various energy deuterons." 


cross section’ accounts for the majority of the inelastic 
cross section.'® The fission process thus competes favor- 
ably with neutron emission after the initial evaporation 
of very high energy nucleons. 


A. Possible Fission Mechanisms 
Rapid Division Postulate 


Goeckermann and Perlman! studied the fission of 
bismuth with 190-Mev deuterons. They proposed that 
many neutrons are boiled off by the excited nucleus 

%K. S. Le Couteur, Proc. Phys. Soc. (London) A63, 259 
(1950). 


% Millburn, Birnbaum, Crandall, and Schecter, Phys. Rev. 95, 
1268 (1954). 
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Fic. 4. Fission cross sections of natural uranium as a function 
of bombarding particle energy.” 


before the fission event, and that the primary fission 
fragments (those formed directly by fission) possess 
the neutron to proton ratio of the preceding fissioning 
nucleus. The division of the nucleus (scission) should 
follow in a time comparable to that for neutron emission 
and thus be too rapid to permit rearrangement of 
nucleons between the two fragments. 

The fractional mass yield of a fission product is the 
cross section for the formation of the nuclide directly 
by the fission process divided by the sum of the direct 
formation cross sections of all nuclides with the same 
mass number. Folger, Stevenson, and Seaborg*® postu- 
lated that if the fractional mass yields of all fission 
product nuclides of a given mass were plotted versus the 
atomic number, the resulting distribution would be 
Gaussian. This curve is often called the isobaric charge 
distribution. The maximum of the charge distribution 
would correspond to the weighted average of the neu- 
tron to proton ratios of the many fissioning nuclides. 
As the initial excitation energy of the nucleus is in- 
creased, the maximum of the charge distribution shifts 
toward higher atomic number*.* because there are more 
neutrons than charged particles lost by evaporation. 
The fractional mass yield of a primary fission fragment 
close to stability (Z greater than that of the maximum 
of the charge distribution) should show an initial in- 
crease with excitation energy as the maximum of the 
charge distribution approaches the atomic number of 
the nuclide. There follows a maximum and a decrease 
in fractional mass yield as the energy increases. 


Slow Division Postulate 


Batzel’s discussion’’ implies that the fission barrier 
crossing rather than scission occurs in a time com- 
parable to that required for neutron evaporation, and 


7 R. E. Batzel (private communication). 
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Fic. 5. Relative positions of the maxima of the charge dis- 
tributions with respect to the line of stability and a line of 
n/p= 1.34." 


thus fission is always in competition with neutron 
emission leading to spallation products. Batzel also 
reasons that the ratio of the probability of neutron 
emission to that of fission is a slowly varying function 
of the number of neutrons boiled off. 

After the crossing of the fission barrier, the division 
of the nucleus could be slow compared to neutron 
evaporation and motion of the nucleons, in a manner 
similar to the considerations of thermal fission by Hill 
and Wheeler."* If, at high excitation energies, the fission 
process is slow with respect to the motion of the 
nucleons, then, even after the fission barrier has been 
crossed, neutrons may still be emitted from the excited 
nucleus that will eventually fission. Emission of neu- 
trons at this stage serves to lessen the energy available 
to effect a recrossing of the barrier. After the emission 
of the last neutron, the nucleons have ample oppor- 
tunity to rearrange before the fission event takes place. 
In such an “equilibrium” type of fission, one might 
consider the final arrangement of the nucleons in each 
of the fragments to be governed by the same forces 
that account for stable nuclei. There are several per- 
turbations that must be considered, among which are 
the elevated temperature of the nucleons, large amounts 
of angular momentum, and the fact that just before 
fission there is a very close neighbor which probably 
changes the electrostatic potential energy of each frag- 
ment. Under these conditions, the distribution of 
protons with respect to neutrons approaches an equi- 
librium configuration as closely as possible. As the 
initial excitation of the nucleus is increased, the most 
probable charge for a given fission-product mass will 
increase because of the evaporation of neutrons as in 
the previous mechanism. 


Comparison of Fission Mechanisms 


The target nuclei are excited to different degrees 
producing many different fissioning nuclei at a given 
bombarding-particle energy. Applying the postulate of 


DP. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953) 
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Coryell and Glendenin® that the various fissioning 
nuclei should produce charge distributions of similar 
shape, the observed charge distribution of primary 
isobaric fission products at high bombarding energies 
should probably be represented by a bell-shaped curve, 
which may not be symmetrical. Qualitatively, one may 
say that with increasing particle energy, the charge 
distribution would probably broaden, the maximum 
of the charge distribution should shift more and more 
gradually in the direction of higher Z, and the sym- 
metry of the distribution might change.* The shape of 
the excitation function of a primary fission product near 
stability predicted by either proposed fission mechanism 
would be similar. 

If the primary fragments possess the same neutron- 
to-proton ratio as the fissioning nucleus, the maximum 
of the charge distribution lies along a line of constant 
neutron to proton ratio for a given excitation energy. 
This maximum is represented in Fig. 5 by the line 
n/p=1.55. The value of the neutron to proton ratio 
is that of Th™ which may represent an “average 
fissioning nucleus” in the bombarding particle energy 
region under investigation. If there is time for nucleon 
rearrangement before the fission process takes place, 
the maximum 6f ‘the charge distribution should lie on a 
line whose slope is between that of the line of stability 
and one of constant neutron to proton ratio. This locus 
is represented in Fig. 5 by the line “displaced line of 
stability.” The displacement of the line of stability 
shown in Fig. 5 is arbitrary to clarify the presentation. 
Neither fission mechanism would predict a large change 
in the width of the charge distribution throughout the 
fission-product region. 

The line n/p= 1.34 in Fig. 5 represents the location 
of a number of nuclides with a neutron to proton ratio 
less than a reasonable estimate of the maximum of the 
charge distribution. The fractional mass yields of these 
nuclides is an inverse function of the distance from this 
line to the maximum of the charge distribution meas- 
ured along a line of constant mass number. Thus for 
either mechanism, the fractional mass yield for nuclides 
with the same neutron to proton ratio should decrease 
monotonically with increasing mass number. However, 
the decrease should be more pronounced if nucleon 
rearrangement takes place. 

A group of shielded nuclides of the same neutron to 
proton ratio (1.34) has been examined as a function of 
mass number (Fig. 6). The fractional mass yield of 
these nuclides does decrease with increasing mass 
number. In order to use these data to decide between 
the two proposed fission mechanisms, the isobaric 
charge distribution must be known for each of the 
masses involved. The multiplicity of fissioning nuclei 
and their various contributions to the yield of a given 
fission product complicate the application of any of 
the various theories of charge distribution. The data at 
the present time are not adequate to decide between 
the two mechanisms. 
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According to the Goeckermann-Perlman picture, the 
mechanism by which fission products are formed is a 
rapid division of the nucleus following nucleon evapora- 
tion, the neutron to proton ratio in each fragment re- 
mains the same as that of the fissioning nucleus. The 
formation of products with neutron-to-proton ratios of 
about 1.30, such as Ni®, Cu®’, and Br®™, by this mecha- 
nism would require appreciable formation of isotopes 
with the same neutron-to-proton ratios such as Np", 
U™, and Pa”. Energy considerations indicate that the 
evaporation of such a high percentage of uncharged 
particles probably would not provide a sufficient 
population of these nuclides to account for the results. 
It is possible that some of the higher states of angular 
momentum could result in the formation of these 
highly asymmetric products, the probability increasing 
with bombarding energy. 


Excitation Functions of Various Fission Products 


The excitation functions of Cs™* [Fig. 1(N)] is par- 
ticularly interesting because the nuclide must be formed 
directly by the fission process. Since the fission yield of 
the 136 mass chain changes little with energy (Figs. 2 
and 3) and Cs™* is formed in very low yield at low 
energies, the excitation functions of Cs* provide a 
fairly complete account of the behavior of the inde- 
pendent yield of a nuclide close to stability. 

It has been postulated that the most probable charge 
of a primary fission product of a given mass number will 
shift toward higher Z with increasing energy.** The 
observed shapes of the Cs"* excitation functions agree 
well with this postulate. As the maximum of the charge 
distribution moves to higher Z with increasing energy, 
the direct formation cross section of a nuclide close to 
stability should rise, then level off as the maximum 
arrives at the given Z, and then decrease as the maxi- 
mum passes to higher Z. This behavior is clearly shown 
by Cs [Fig. 1(N)]. The other shielded nuclides 
studied, Br® [Fig. 1(B)], Br® [Fig. 1(C)], Nb” 
[ Fig. 1(G)], Ag"? [Fig. 1(1)], and Cd" (Fig. 1(M)], 
show only the initial rise of the cross section with energy. 
Sufficient excitation energy was not available with 
protons and deuterons to observe the decrease ; however, 
the excitation function of Nb” formed from helium ion 
bombardment did show a maximum similar to that of 


Cs, 


Relative Yields of the Cd"*5 Isomeric Pair 


A characteristic of high-energy reactions is the large 
amount of angular momentum which may be imparted 
to the nucleus."* Even after the evaporation of a number 
of nucleons, high angular momentum should exist in 
the nucleus. This may be one large difference between 
high-energy fission and thermal or low-energy fission as 
discussed by Hill and Wheeler."* 


J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952), p. 358. 
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Fic. 6. Variation of fractional mass yield of fission products 
with a neutron to proton ratio of 1.34 formed from natural 
uranium.” 


Biller‘ measured the yield of several nuclides that 
possess isomeric states formed by 340-Mev proton 
fission of bismuth. In all cases where it was possible to 
determine or estimate primary yields, he found that 
the formation of nuclear isomers favored the state of 
higher spin. Levy” studied the formation of the Co 
isomeric pair by the (a,n) reaction of Mn**. His data 
show that, as the bombarding energy is increased, the 
yield of the isomer with higher spin is increased with 
respect to that of the lower spin state. The model he 
used to explain his data, if applied to high-energy 
fission, would yield qualitatively similar results. 

The 115 mass yield was of interest in that it was 
thought to be possible to observe the direct formation of 
independent isomers. Ag'"® cross sections were measured 
by way of the Cd! and Cd" daughter activities 
[ Fig. 1(K)]. Within ten minutes after a one-minute 
bombardment, AgCl was precipitated in the presence 
of a known amount of cadmium. The majority of the 
cadmium activity left in the supernatant of the initial 
AgC! precipitation was not formed by decay of Ag". 
The precipitate was washed and dissolved in ammonium 
hydroxide containing a known amount of cadmium, 
and the 21-minute Ag"® allowed to decay. Both 
cadmium fractions were then purified and the Cd" 
and the Cd" were counted to determine the Ag'"® 
cross sections as well as those of Cd"* and Cd'*™, The 
ratio of Cd" to Cd™*" by beta decay from Ag'* was 
found to be 12, in agreement with Wahl and Bonner.” 
The formation cross sections of the two isomers [ Figs. 
1(L) and 1(M) ] were calculated after correcting for the 
activity of each formed by decay of the Ag'* prior to 
separation. The Cd"*™ excitation function is similar to 
other shielded nuclides, while the Cd"* excitation 
function is similar to those nuclides that are longer- 
lived products of a beta-decay chain. Wahl and Bonner™ 
have good evidence for the presence of an Ag'*™, 
which decays exclusively to Cd"* with a half-life of 
less than three minutes. They found that 28 percent of 
the mass 115 yield formed in thermal fission decayed 
via Ag"*™. The formation of Ag"** in similar propor- 


*H. B. Levy, University of California Radiation Laboratory 
Report UCRL-2305 (unpublished). 
™ A.C. Wahl and N. A. Bonner, Phys. Rev. 85, 570 (1952). 
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Fic. 7. Ratio of the direct formation cross sections of Cd™* to 


Cd™** as a function of bombarding particle energy.” 


tions in high-energy fission would explain why the Cd" 
excitation function appeared to have the same shape 
as that of Zr*’. The Cd"* cross section as measured in 
this work then is not one of direct formation by fission 
but one of a long-lived end product of a beta-decay 
chain. After correcting for growth from Ag", the 
Cd"*" activity represents that formed directly in fission 
because Cd"*" is not a daughter of Ag™*". 

The ratio of the formation cross section of Cd" to 
that of Cd''*™ as measured is shown in Fig. 7. As the 
energy increases, the yield of Cd" (spin 11/2) in- 
creases with respect to that of Cd"* (spin 1/2). These 
data are consistent with the observations of Billert and 
Levy.” The marked increase of the direct formation 
cross section of Cd"*" with respect to Cd"* appears to 
indicate increasing angular momentum of the fissioning 
nuclei. Angular correlations of various fission products 
should provide interesting data pertaining to this 
hypothesis, provided that the momentum of the center 
of mass could be deduced. 


Fission Cross Section 


The fission cross sections of natural uranium (Fig. 4) 
have been calculated by integration under the fission 
yield curves (Figs. 2 and 3). The values of the fission 
cross sections disagree with those of Jungerman’ and 
that of Folger, Stevenson, and Seaborg,’ 2.0 barns at 
340-Mev protons (our value, 1.7). Folger, Stevenson, 
and Seaborg point out that their major source of error 
was the scattering of beta particles by counting samples 
and their mounting materials. This source of error has 
been eliminated in the present work (see reference 10 
and Appendix). Harding™ has measured the fission 
cross section of natural uranium with 147-Mev protons. 
His value is 1.65+0.09 barns. The value obtained from 
this work at a proton energy of 147 Mev is 1.6+0.1 
barns (Fig. 5). 


®@ G. N. Harding (private communication) 


AND R. 


S. GILBERT 


The fission cross sections continue to rise even at 
higher energies, which leads to the conclusion that the 
fission process is always in competition with nucleon 
emission. 
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VI. APPENDIX 


Sample preparation and counting were done in the same 
manner as in the previous paper.” Additional sample correction 
factors were measured for Cu*’, Nb, Cd'"*, Cd"5", and Cs*, as 
shown in Fig. 8. In the cases of Cd"*, Cd"5*, and Cs*, thin 
samples were assayed on a 100 percent geometry counter. 


Cu”’ 

Initial separation was made immediately after bombardment 
since all precursors are presumed to be short. Only the 61-hour 
activity was observed and an upper ilimit for the activity of 
12-hour Cu could be set at about 15 percent of the Cu™ activity. 
The copper was separated as CuS from 4N HCl, CuO from NaOH 
solution, CuCNS from dilute HCl, and by electroplating from 
1.5M H,SO,. Scavenges of Fe(OH), with NH,OH and AgCl from 
acid solution were used. 


Br®, Br®?, Br®? 


One of the precursors of Br™ is 25-minute Se®; hence, the 
targets were allowed to cool three hours before they were dissolved 
in specially constructed stills to avoid loss of bromine during 
solution of the target. The chemistry involved several cycles of 
CCl, extractions using permanganate and persulfate in 1V HNO, 
as oxidizing agents, and sulfite as the reducing agent. Iodine was 
removed by oxidation with persulfate in acetic acid and extraction 
into CCl, and by a CuCNS scavenge following a reduction by 
sulfite. The final sample was prepared as AgBr. Since the scattering 
factor could not be measured directly, the following factors were 
assumed: Br®, 1.4; Br®, 2.0; and Br®, 1.5. The short-lived Br® 
and Br® activities were resolved analytically‘ after subtraction 
of the Br™ activity 


Nb** 


Precipitated shortly after bombardment as the hydrated oxide 
from boiling HNO,, dissolved in concentrated HCI, saturated with 
HC! gas, and extracted into di-isopropylketone from 10N HCl. 
The organic layer was washed once with 10N HCl and the niobium 
was back-extracted with 6N HCl. The aqueous solution was 
neutralized with NH,OH to precipitate the hydrated oxide which 
was washed with HNO,. The washed oxide was ignited to Nb,O;.” 


Ag", Ag™. Ag" 


For the determination of Ag" and Ag™, the target was cooled 
for 15 minutes after bombardment to allow the 1.5-minute Pd™ 


™ H. G. Hicks and R. S. Gilbert, Anal. Chem. 26, 1205 (1954). 














HIGH-ENERGY FISSION PROCESS 


to decay™; silver was then separated. For the determination of 
Ag"*, AgCl was precipitated from the initial target solution 
within ten minutes of bombardment. The precipitate was dis- 
solved in the presence of cadmium carrier, the cadmium daughter 
activities were later purified and counted. Silver was separated 
as the chloride, iodide, sulfide, and the metal (using ascorbic 
acid in dilute NH,OH solution). Iodide carrier was added during 
the Ag,S precipitate and an Fe(OH), scavenge was used. A scatter- 
ing factor of 1.2 has been assumed for Ag™ and Ag"*. The 0.001- 
inch uranium targets used to determine Ag" and Ag™ had no 
uranium guard foils, so a correction of 10 percent was added to 
the observed value for loss by recoils.* The Ag’ and Ag" activities 
were resolved analytically‘ after subtraction of the Ag™ activity 
from the gross decay curve. 


Cd", CdUs= 


The independent yields of these nuclides were determined by a 
rapid separation of AgC! from the target solution within ten 
minutes of bombardment. The Cd™5 and Cd"* activities were 
separated from the supernatant solution. Total mass 115 yields 
were also measured by determining the Cd'* and Cd"** in day-old 
targets. Cadmium was separated as the sulfide from the uranium 
target solution after the uranium had been complexed with acetic 
acid and the pH adjusted to about 5. Scavenges of Sb:S; from 
2N HCl and Fe(OH); from NH,OH solution were performed and 
the cadmium precipitated as the sulfide from an NH,OH solution. 
The CdS was dissolved in 1N HC! and placed on a Dowex A-1 
column. The column was washed with 0.1N HCI and the cadmium 
eluted with 1.5M@ H,SO,. CdS precipitated from the H,SO, 
solution was weighed and mounted for counting. 


Cs'36 
After the niobium had been precipitated with nitric acid, the 


supernatant solution was fumed with HClO, and the cesium 
perchlorate precipitated with ethyl acetate. Cesium silicotungstate 


™ H. G. Hicks and R. S. Gilbert, Phys. Rev. 94, 371 (1954). 
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Fic. 8. Empirical corrections of counting data for the combined 
effects of self-scattering, self-absorption, and saturation back 
scattering.™ 


was precipitated four times. The final sample was prepared 
as CsClO,. 


Sr®, Zr’’?, Pd’, Pd", and Ba'*° 


These nuclides were determined in the same manner as in the 
previous paper.” 
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Bremsstrahlung Spectrum from the Internal Target of a 22-Mev Betatron* 
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The intensity and energy distribution of the bremsstrahlung photons produced in a betatron operating 
at 22 Mev have been determined by measurement of the energy spectrum of photoprotons ejected from 
deuterium. The protons were detected using a 0.15 cm thick Nal crystal followed by a 100-channel pulse- 
height analyzer. The photon beam was highly collimated in the forward direction. If one assumes the energy 
dependence of the cross section for the photodisintegration of deuterium as given by Hulthén, the computed 
bremsstrahlung energy distribution is in excellent agreement with the theoretical thin-target spectrum. 
The observed total intensity is that indicated by monitoring using an “R” thimble imbedded in 3.9 cm of 


Lucite. 


INTRODUCTION 


re recent years a number of experiments'~” have been 
performed to determine the energy spectrum, and 


* Supported in part by the Air Research and Development 
Command and the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission 

1 P. K. S. Wang and M. Wiener, Phys. Rev. 76, 1724 (1949). 

2H. W. Koch and R. E. Carter, Phys. Rev. 77, 165 (1950). 

*R. H. Stokes, Phys. Rev. 84, 991 (1951). 

* Powell, Hartsough, and Hill, Phys. Rev. 81, 213 (1951). 

+ J. W. DeWire and L. A. Beach, Phys. Rev. 83, 476 (1951) 


in some cases the absolute intensity, of the brems- 
strahlung radiation produced in various targets by 
accelerator electrons in the relativistic energy range. 





*V. E. Krohn and E. F. Shrader, Phys. Rev. 87, 685 (1952). 

’ K. Phillips, Proc. Phys. Soc. (London) A65, 57 (1952). 

*C. D. Curtis, Phys. Rev. 89, 123 (1953). 

* Motz, Miller, and Wyckoff, Phys. Rev. 89, 968 (1953). 

” P. C. Fisher, Phys. Rev. 92, 420 (1953). 

" K. Phillivs, Proc. Phys. Soc. (London) A67, 669 (1954). 
(ssa M. Warner and E F. Shrader, Rev. Sci. Instr. 25, 663 

). 
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Fic. 1. General arrangement of apparatus. 


The methods used have depended upon the detection 
of: the primary electrons after radiation®”; the sec- 
ondary electrons from processes such as pair pro- 
duction*-*" and Compton scattering’; and the sec- 
ondary protons from the photodisintegration of the 
deuteron.'*?"" The detectors used in the first three 
methods have been either magnetic spectrometers or 
magnetic cloud chambers, while the photoprotons from 
deuterium have in all such cases been detected in 
photographic emulsions. The results on the brems- 
strahlung spectral shape have tended in general to 
verify the theory of Bethe and Heitler” as applied by 
Schiff but with certain conflicts in the details. For 
instance, Krohn and Shrader® report a slight excess of 
photons in the high-energy end of the spectrum (for 
E/E,=0.8, where E is the photon energy and E,, the 
initial energy of the radiating electron), while Koch 
and Carter* find an excess in the region E/E,,=0.5. In 
most cases, the spectral intensity has been normalized 
at an arbitrary energy. 

Measurement of the bremsstrahlung radiation from 
the internal target of a betatron suffers somewhat from 
lack of control of the target geometry and to a certain 
extent from uncertainty as to its exact thickness. 
However, apart from its intrinsic interest, the spectrum 


Inyector Assembly 


‘ 


oO." 


Electron Orbe 
Fic. 2. Internal platinum target of betatron 


“ W. Heitler, Quantum Theory of Radiation (Oxford University 
Press, London, 1944), second edition, p. 164. 
“L. L. Schiff, Phys. Rev. $3, 252 (1951) 
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must be known in order to measure photonuclear cross 
sections for reactions produced by such radiation. This 
paper is concerned with a determination of the spectral 
intensity and energy distribution of the radiation from 
the University of Pennsylvania betatron when oper- 
ating at an energy of 22 Mev. 

The method consists in the detection of 3000 photo- 
protons from a 14.8-mg/cm* deuterated paraffin sample 
and the measurement of their energies using a thin 
(0.15 cm) sodium iodide scintillation crystal and photo- 
multiplier tube followed by a 100-channel pulse-height 
analyzer. The method has the advantage of speed in 
the gathering and analysis of data and depends essen- 
tially only on a knowledge of the deuterium photodis- 
integration cross section. 


APPARATUS 


Figure 1 shows the geometry and general experi- 
mental arrangement of the apparatus. The betatron is 
operated with a standard ceramic doughnut and injector 
assembly with associated interna] target of the type 
supplied by the Allis-Chalmers Manufacturing Com- 
pany. The material of the target is platinum in the 
shape of a segment of a disk (see Fig. 2) of base length 
0.14 in. extending 0.022 in. from the injector assembly, 
and of thickness 0.015 in. near the tip. The electron 
orbit is tangent to the disk when undergoing expansion. 

The x-ray beam from this target passes through the 
walls of the doughnut and through two aluminum 
ionization chambers whose current monitors the beam 
intensity (and when integrated the total amount of 
radiation), and is then collimated as described below 
before entering the detector chamber, which is located 
behind a 16-in. lead shield imbedded in the 2-ft concrete 
wall surrounding the betatron. Table I is a list of the 
compositions and thicknesses of absorbing materials in 
the beam between the doughnut target and the entrance 
to the detection assembly. A Victoreen 250-R thimble 
imbedded in the 3.9-cm-thick Lucite cylindrical block 
is used to calibrate one of the ionization chambers in 
terms of roentgens, and is removed from the beam 
during measurements of the x-ray spectrum. 

The beam collimator, consisting of three parts, is 
shown in detail in Fig. 3. The collimation is achieved 
by a tapered hole through 8 in. of lead, the entrance 
and exit diameters being 0.136 in. and 0.161 in. re- 
spectively. The second section of the collimator consists 
of a region 15 in. long with a magnetic field of 3000 
gauss produced by magnetized Alnico blocks in steel 
return rings, with a gap of 0.4 in. so that the magnets 
are out of the x-ray beam. Electrons in the beam are 
deflected in this region into aluminum inserts. Sup- 
plementary shielding is supplied by another section of 
8 in. thick lead with a 0.5-in. opening, which does no 
further collimation. The total angular width of the beam 
after collimation is 0.00322 radian, producing a circular 
beam at the center of the detection chamber of 
8-mm diameter. 











BREMSSTRAHLUNG SPECTRUM 


The deuterated paraffin radiator and scintillation 
crystal assembly, located some ten feet from the 
betatron target and 4 feet from the exit of the collimator 
are contained in an evacuated brass cylinder 20 in. in 
diameter with entrance and exit snouts sealed by 10-mil 
aluminum windows for passage of the beam. The 
deuterated paraffin foil, 14.8 mg/cm? thick corres- 
ponding to a proton energy loss of 0.2 Mev for protons 
of 10 Mev energy, was prepared by pressing powdered 
deuterated wax at an elevated temperature between 
films of mylar in a press at 20 000 |b/in*. It was then 
mounted on a frame with two other foils, one of ordinary 
paraffin of equivalent thickness and the other of 
platinum on which was plated a thin polonium alpha 
source. The frame, which placed the plane of the foils 
at an angle of 30 degrees with respect to the beam 
direction, was attached to a keyed shaft which entered 
the chamber through an O-ring seal in the floor. By 
sliding the shaft vertically, any one of the foils could be 
positioned in the beam, and when desired the entire 
assembly could be retracted into a well in the chamber 
bottom. 


Taste I. Absorbing materials in the x-ray beam. 








Atomic Thickness 





Object Composition number (gm /em?) 
Doughnut wall oO 8 1.21 
Al 13 0.352 
Si 14 0.708 
K 19 0.253 
Ionization Al 13 4.67 
chambers 








The photoproton detector consisted of a square 
Nal(TI) crystal measuring 0.780 in. X0.780 in. 0.065 
in. mounted vertically on the face of a Dumont 6292 
photomultiplier tube whose envelope was inserted 
vertically through a 2-in. O-ring seal in the chamber 
floor, leaving the tube base outside the vacuum system. 
The crystal was 6 in. from the radiators at an angle of 
90° with respect to the beam direction. Over the crystal 
and photocathode was placed a polished aluminum 
dome with a window cut out for the passage of the 
particles to be detected. A cylindrical shield of ;%-in. 
iron lined on the inside with 0.060-in. mu-metal enclosed 
the part of the multiplier tube inside the vacuum 
chamber. 

Although the Nal crystal was sufficiently thin so 
that an electron would lose only 1 Mev of energy 
traversing it, the number of secondary electrons from 
the radiator was large and straggling in the crystal gave 
energy losses up to 4 Mev. Consequently, a permanent 
magnet, whose field (4000 gauss) was horizontal and 
at right angles to the line from radiator to detector, 
was installed between magnet and radiator along with 
a0.25-in. lead shield with rectangular hole. This arrange- 
ment prevented most of the secondary electrons and 
positrons from reaching the Nal. 














Fic. 3. Beam collimator, 


The details of the crystal preparation and mounting 
(Fig. 4) are of some interest, especially because of the 
problem of evaporation of the NaI surfaces in vacuum. 
Although the rate of evaporation is not large, the 
evaporation process does cause the optical properties 
of the surfaces to vary with time. Therefore the back 
surface of the crystal was protected by cementing to 
it a square of Lucite yy in. thick, the cement being an 
epoxy resin called Bonding Agent R-313."* The front 
surface was covered by a nylon film thin enough to show 
interference colors. The nylon was the only material 
in the path of the photoprotons and its effect on their 
energies was negligible. One edge of the crystal-Lucite 
sandwich was cemented to a strip of aluminum foil, 
which in turn was cemented to the photomultiplier 
face. The aluminum foil prevents any light from 
reaching the photocathode directly through the inter- 
face between glass and crystal and tends to equalize 
all portions of the crystal as evidenced by increased 
resolution. Crystals prepared in this manner have been 
found to be stable over periods of months with a reso- 
lution of from 6 to 8% for the 5.3-Mev alpha particles 
of polonium. 

After emerging from the detection chamber, the 
x-ray beam strikes a 7.5-g/cm* magnesium sample 
contained in a neutron detection assembly,"* and the 
rapid change in the magnesium neutron yield with 
energy of the betatron serves to monitor the energy 
of the betatron. 


Fic 4. Nal scintillator and mounting. The proton 
entrance window is not shown. 


ve ea H. fiaipera, Bee Company, Los Angeles, Calif 
, and Nathans, Rev. Sci. Instr. 28, 678 (1952). 
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Fis. 5. Block diagram of circuitry 


The output pulses from the photomultiplier, operated 
at 1370 volts, enter a cathode follower the output of 
which feeds through 40 feet of cable a Los Alamos 
Model 100 amplifier in the control room of the betatron 
(Fig. 5). The amplified pulses are then fed into a gating 
circuit, which passes only those pulses which occur 
during a 100-microsecond period bracketing the x-ray 
pulses from the betatron and rejects any delayed back- 
ground arising from induced radioactivity of the 
materials surrounding the detector, and from other 
sources. The output then enters a chopping circuit 
which subtracts ten volts from the amplitudes of the 
pulses to prevent the small but numerous electron 
pulses from reaching the 100-channel differential pulse- 
height analyzer with its relatively long dead time of 
60 milliseconds. The differential analyzer, of the 
Wilkinson type’? with a measured linearity of {0.1 
volt, is followed by a ball-drop mechanism to record 
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Fic. 6. Energy response of Mg(y,) beam monitor 
af DI H Wilkinson, Proc. Cambridge Phil. Soc. 46, 508 (1950); 


Les Alamos Scientific Laboratory Report LA-1565, 1953 (un- 
published). 








HALPERN 


‘and display the data. Ball bearings are dropped into 


100 channels milled into a Lucite block at a maximum 
handling rate of 12 equally spaced events per second 
per channel, a rate entirely adequate for this experi- 
ment where the overall counting rate for all channels 
never exceeded 6 counts per minute. 


PROCEDURE 


The experiment consists of a determination of the 
pulse height distribution of photoprotons from the 
deuterated paraffin radiator, with background removed 
by measuring the equivalent distribution from a normal 
paraffin radiator under identical bombardment con- 
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Fic. 7. Detector resolution curve for alpha 
particles of polonium. 


interval of time, suitable precautions are necessary to 
insure energy stability of the betatron and gain and 
resolution stability of the detector. Furthermore, 
absence of pile-up effects must be insured. 

Although the measurement of background using 
norma! paraffin in the beam eliminates protons arising 
from the (y,p) reaction in the carbon of the radiators, 
this is no serious problem because of the high C(v7,p) 
threshold. There can be no protons from this cause in 
excess of 4 Mev, and the yield is low at this energy as 
seen by the background counting rates. Neutrons from 
the deuterium can give recoil counts in the Na and I 
of the detector with maximum energy of only 1.6 Mev. 

The betatron was operated at an energy of 22.0+0.1 
Mev, expansion of the electron orbit taking place at 
the peak of the magnet cycle. The machine’s energy 
was determined by reference to the (y,n) threshold of 
a bismuth sample replacing magnesium in the neutron 
detection house used to monitor the betatron energy, 











BREMSSTRAHLUNG SPECTRUM 


and is good to +0.1 Mev. The energy stability of the 
machine was monitored continuously throughout the 
experiment by the yield of neutrons from the mag- 
nesium sample (whose neutron yield sensitivity to 
betatron energy in the vicinity of 22 Mev is shown in 
Fig. 6). Again the energy was found to be stable to 
+0.1 Mev. 

At the start and end of each day’s run the polonium 
alpha source was exposed to the detector and the pulse- 
height distribution measured to check both gain and 
resolution of the detector and the over-ail performance 
of the electronic circuitry. Figure 7 shows a typical 
resolution curve so taken. The resolution was 8% and 
did not vary detectably throughout the runs. The 
position of the peak as determined in this manner was 
stable to +2%. 

As in previous photoproton work'* the betatron ex- 
pander pulse was adjusted to give an x-ray pulse of 60- 
microsecond duration as measured and monitored by 
an auxiliary scintillation counter off the beam axis near 
the collimator entrance. The absence of any pile-up 
effects under these operating conditions was checked 
by making runs at several different beam intensities 
with no observed changes in results. For the duration 
of the experiment the beam intensity was kept at 
approximately 30 roentgens per minute at 3 feet from 
the betatron internal target. 


RESULTS 


Figure 8, representing the uncorrected data of the 
experiment, shows the actual number of counts per 
channel per 988 roentgens at the sample for both of the 
deuterated and normal paraffin radiators. A total of 
3000 useful events was recorded for a total exposure of 
10* roentgens. Subtraction of the background and 
grouping of the counts in 5-volt intervals leads to the 
curve of Fig. 9. Since the choice of end point is fairly 
critical in determining the energy scale the tail of the 
curve of Fig. 9 was drawn using the channel by channel 
plot as a guide. 

Before conversion of this curve to the betatron 
bremsstrahlung energy distribution by the introduction 
of the D(y,p) cross section, corrections are necessary 
for the resolution of the detector and for the proton 
energy loss in the radiator. The unfolding of the effects 
of the detector resolution was done by successive appli- 
cation of the resolution function of Fig. 7 to a trial 
curve to give exactly the observed results. Actually, 
the only significant difference between the final derived 
curve and that observed occurs at the very end of the 
spectrum. 

Having now fixed the end point of the spectrum of 
protons, the energy scale is dei¢rmined from the 
kinematics of the photodisintegration of the deuteron. 
That is, an energy is ascribed to the end point corres- 
ponding to the energy of a proton produced at 90 


4 E. V. Weinstock and J. Halpern, Phys. Rev. 94, 1651 (1954). 
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Fic. 8. Channel by channel plot of data. Photoprotons from 
deuterated paraffin and normal paraffin are shown. The circles 
are from normal paraffin. 


degrees by a 22-Mev photon.” The scale in pulse height 
is now converted to proton energy in Mev. 

The effect of finite thickness of deuterated paraffin 
radiator was removed by using the range-energy table 
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Fic. 9. D(y,p) yield in 5-volt intervals with 
background subtracted. 


” J. Halpern and E. V. Weinstock, Phys. Rev. 91, 934 (1953). 
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Fic. 10. Photoproton energy distribution from deuterium target 
corrected for detector resolution and target absorption. 


of Rich and Madey” and a numerical calculation iden- 
tical to that employed for unfolding the effects of 
detector resolution. Figure 10 shows the final proton 
energy distribution corrected for both resoluticn and 
absorption. 

The observed bremsstrahlung spectrum is now com- 
puted by converting intervals of proton energy to 
intervals of photon energy and by application of the 
deuteron photodisintegration cross sections as given by 
the theoretical results of Hulthén and Nagel* (in- 
terpolated for a meson mass of 275 electron masses) 
which appear to give reasonable fit to existing data in 
the energy region of interest. Center-of-mass corrections 
for the proton energies at 90° are taken into account.” 
Knowledge of the number of deuterium atoms in the 
beam and the exact solid angle of the detector permit 
the bremsstrahlung distribution (solid curve) of Fig. 
11 to be given in terms of number of photons per cm’ 
per “R” per Mev. The angular distribution of the 
deuteron photodisintegration is assumed to have a 
sin’? shape, although the introduction of a small sym- 
metric component does not significantly alter the curve. 

The dotted curve of Fig. 11 represents the brems- 
strahlung spectrum computed from the Bethe-Heitler 
theory as applied by Schiff" modified for the absorption 
of the doughnut wall and ionization chambers. The 
absolute values of the ordinates of this curve depend 
on the conversion of photon intensity in ergs/cm* to R 
readings as measured by the Victoreen: R thimble im- 


” M. Rich and R. Madey, U. S. Atomic Energy Commission 
Report UCRL-2301, 1954 (unpublished). 
™ L. Hulthén and B. C. H. Nagel, Phys. Rev. 90, 62 (1953) 
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the measurements while the dotted curve is the computed one. 


The circles are taken from the computed curve multiplied by the 
factor 1.09. 


bedded in the Lucite.” Comparison of the measured 
and computed distributions is illustrated by the circles 
of the figure, which represent the computed values 
multiplied by a factor of 1.09. 


DISCUSSION 


The measured shape of the bremsstrahlung from the 
betatron as observed in the forward direction is in 
remarkable agreement with the Schiff thin-target com- 
putations with a discrepancy in absolute intensity of 
9%. Possible sources of error in the intensity deter- 
mination are of two types, namely, those involving 
the measurement of the solid angle of the detector, the 
thickness of the deuterated paraffin radiator, and the 
diameter of the collimated x-ray beam; and those 
involving the knowledge of the deuterium cross section 
and the conversion of ergs/cm? to R readings. 

The total uncertainty due to the possible errors in 
the measurements of the apparatus geometry are esti- 
mated at not greater than about 5%. With similar 
errors possible in the knowledge of the deuteron photo- 
disintegration cross section, the discrepancy in absolute 
intensity of the bremsstrahlung seems within the 
accuracy of the measurement, and the monitoring of 
the x-ray beam by the R thimble in 3.9 cm of Lucite 
thus provides a reliable measure of the beam intensity. 

The data on spectral shape cannot be extended below 
a photon energy of 8 Mev because of increased back- 
ground and consequently greater statistical uncertainty, 
and also because of the photoproton energy loss in the 
deuterated paraffin becomes excessive. In fact, the total 
thickness of the deuterated paraffin radiator corresponds 
to the range of a 3-Mev proton. 


™ Johns, Katz, Douglas, and Haslam, Phys. Rev. 80, 1062 
(1950). 
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Coulomb Excitation of Tellurium and Silver 
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Coulomb excitation has revealed gamma rays at 159, 274, 342, 436, and 504 kev in Te™; 435 and 633 kev 
in Te™; 319 and 419 kev in Ag™’; and 306 and 412 kev in Ag™. Interpretation of these results in conjunction 
with excitation curves and coincidence measurements is discussed in terms of proposed energy level schemes. 
In the case of Te™ it is concluded that three levels are independently excited. Values are given for the 
quadrupole moments, Qo, based on the Bohr-Mottelson unified model and for the reduced transition proba- 





bilities for excitation, B,( £2). 





I. INTRODUCTION 


ig! view of the successful application of the Bohr- 
Mottelson unified model’ to nuclei well removed 
from closed shells, it is of interest to study nuclei near 
closed shells in order to determine the extent to which 
the model applies. Considerable attention has been 
given to the nuclei in the neighborhood of Z=50.2-* 
Among these nuclei, those with ground-state spin 4 are 
of added interest because the energy level spacing 
predicted by the model depends on the structure of the 
wave function of the last odd nucleon.* The study of 
four such nuclei, Te, Te*, Ag'?, and Ag™ is reported 
here. 


Il. EXPERIMENTAL TECHNIQUES 


Coulomb excitation of these nuclei was produced by 
using protons and alpha particles from the NRL 5-Mev 
Van de Graaff accelerator. Tellurium targets were made 
by compressing the isotopically enriched metallic 
powders into cylindrical cups of pure tin, an element 
which does not exhibit gamma rays due to Coulomb 
excitation. In most of the experiments on tellurium, 
the gamma rays from the target traversed the target 
thickness and the 0.020-inch end wall of the tin cup. 
The silver targets, semithin to protons and thick to 
alpha particles, were made by electrodeposition of 
isotopically enriched silver onto platinum backings 
0.001-inch thick. The isotopic enrichments were: 
48.58% Te™ (with 8.19% Te‘), 81.65% Te” (with 
2.46% Te), 96.8% Ag", and 99.9% Ag™.t 

The gamma-ray scintillation counter consisted of a 
2-inch NaI(T]) crystal and an RCA 6342 photomulti- 
plier. Pulse-height spectra were obtained with a 20- 
channel pulse-height analyzer. Ba™, Sb", and Na®™ 
sources were used for calibration. Coincidence spectra 


* Now at Pratt and Whitney Division, Niles-Bement-Pond 
Company, West Hartford 1, Connecticut. 

! A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 27, No. 16 (1953). 

2N. P. Heydenburg and G. M. Temmer, Phys. Rev. 95, 861 
(1954). 

* Mark, McClelland, and Goodman, Phys. Rev. 98, 1245 (1955). 

*G. M. Temmer and N. P. Heydenburg, Phys. Rev. 98, 1308 
(1955). 

+ P. H. Stelson and F. K. McGowan, Phys. Rev. 99, 112 (1955). 

* B. R. Mottelson (private communication). 

t The Te was furnished by ORNL and the Ag targets by 
Professor B. Waldman, University of Notre Dame. 


were examined with an arrangement consisting of two 
Nal scintillation counters separated by a 30-degree lead 
wedge which prevented coincidences due to Compton 
scattering. A 20-channel pulse-height analyzer in the 
first channel of the coincidence circuit was gated by 
pulses above a desired bias setting in the second channel. 
Gamma-ray coincidences could be determined by ob- 
serving the effect on the coincidence spectrum in the 
first channel when the pulses in the second channel due 
to gamma rays of different energies were successively 
biased out. 

Since the second excited states of the nuclei studied 
were more easily excited by proton bombardment, the 
proton spectra were more complete than those obtained 
with alpha particles. On the other hand, since alpha 
particles generally produced measurable excitation only 
in the first excited states, they were used to determine 
gamma-ray yields and excitation curves of these states. 
Thus it was possible in almost all cases to determine the 
gamma-ray yields under conditions such that contribu- 
tions from higher energy states were negligible. Abso- 
lute gamma-ray yields were measured using an experi- 
menta! photopeak efficiency curve. Points on this curve 
were obtained using standard sources’ and the yield 
from the Coulomb excitation*® of the 137-kev level in 
Ta'™. Background effects were subtracted from the peak 
in question by fitting to it a Gaussian curve which cor- 
responded to those observed with radioactive sources. 
Angular distribution effects were estimated to be small 
and were neglected. For thick targets the reduced tran- 
sition probabilities, B,(£2), are obtained by numerical 
integration of the cross section for £2 excitation given 
by Alder and Winther.’ The values of dE/dx used in 
the integrations were determined from the well-known 
relation 


dE/dx=4nZ2NZ¢L/mv?, (1) 


where Z, and Z; are the charges of the incident particle 
and target nucleus respectively, V the number of target 
atoms per cubic centimeter, », the velocity of the inci- 
dent particle, and m the electron mass. The empirical 


7 Standard sources of I and Na™ were obtained from the 
National Bureau of Standards. 

* A value of 7.5X10™ cm" was taken for the 0» of Ta™. 

°K. Alder and A. Winther, Phys. Rev. 96, 237 (1954). 
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relation, L=1.55 vft/(€Z;5) is given by Lindhard and 
Scharff.” 

The probable error of the gamma-ray energy meas- 
urements is approximately +1%. Absolute values of 
B,(E2), excluding possible errors in the internal con- 
version coefficients used, are considered accurate to 
about +30%. 


II. RESULTS AND DISCUSSION 


The Te™ spectrum resulting from proton bombard- 
ment is shown in Fig. 1. Gamma rays were observed 
at 159, 274, 342, 436, and 504 kev. Comparison of the 
excitation curve for the 436-kev radiation with the 
theoretical curve and with the curve obtained from a 
target deliberately contaminated with NaC] showed 
that not all of the radiation was due to 
inelastic scattering from Na™. Furthermore, although 
511-kev gamma rays due to positron annihilation could 
be observed following bombardment, it was possible to 
make this contribution to the 504 peak small by using 
very short bombardments spaced at 10 minute intervals. 
Coincidence studies showed that both the 274- and 
342-kev gamma rays were in coincidence with the 150- 
kev radiation, but not with each other. Accordingly, 
the energy level scheme shown in Fig. 1 is proposed 
for Te’. Inspection of this scheme indicates the pos- 
sibility of a transition from the 504- to the 436-kev level 
yielding a 68-kev gamma ray. Such a gamma ray was 
not detected although absorption and internal con- 
version should not have been to prevent 
observation. Failure to observe this gamma ray in 
addition to other intensity considerations led to the 
conclusion that the 436- and 504-kev levels were 
independently excited. Thus three states were excited 
directly, whereas in general E2 Coulomb excitation in 
odd-A nuclei reaches only two states. Therefore it 


some but 


sufficient 


Fic. 1. Pulse-height spectrum from Te™ bombarded 
with 3.7-Mev protons. 


"J. Lindhard and M. Scharff (private communication) 
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3.0-Mev protons. The broad peak at the low-energy end is due to 
proton bremsstrahlung. The small hump in this peak at 159 kev 
is due to a slight contamination of Te™. 


would seem, in terms of the unified model, that a state 
from a rotational scheme other than that associated 
with the ground state is being excited. However, a 
strict interpretation in terms of rotational level schemes 
may not be possible, because the extent to which rota- 
tional levels exist in nuclei so close to a closed shell has 
not been determined. The spins and parities shown for 
the upper two states in the energy level scheme in 
Fig. 1 are based on the fact that the excitation is electric 
quadrupole in nature. Angular distribution measure- 
ments should enable determination of the spins of the 
two upper states. The spin and parity of the first excited 
state, known from the study" of isomerism in Te™, 
agrees with that predicted by the unified model for a 
rotational state in a nucleus whose ground-state spin 
is 1/2. t 

The spectrum obtained from proton bombardment 
of Te™® is presented in Fig. 2. Gamma rays were ob- 
served at 435 and 633 ke¥. By the same method as with 
Te™ jt was established that only a small percentage of 
the 435-kev gamma ray was due to inelastic scattering 
from Na™. From the study” of the radioactivity of 
Sb"5, levels in Te™* at 640 and 466 kev are known to 
decay predominantly by cascade to a third level at 35 
kev, giving rise to four strong gamma rays of 605, 431, 
174, and 35 kev. Excitation curves are not sensitive 
enough to determine whether the 435- and 633-kev 
gamma rays are cross-over radiations or cascade radia- 
tions to a 35-kev state. Although tentatively it is rea- 
sonable to associate the 435-kev gamma ray with the 431- 
kev radiation in Sb” decay, such an association cannot 
be made for the 633-kev gamma ray. It is clearly dis- 
tinguishable in energy from the 605-kev radiation in 
Sb" decay and, furthermore, no 174-kev radiation is 


“R. D. Hill, Phys. Rev. 76, 333 (1949). 
"M. Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 179 
(1952) 
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Taste I. Values of Q, and B,(£2), the reduced transition probability for excitation, are given along with the bombarding 
the internal conversion coefficient, ar, and the level used in their determination. Both values of Q» and B,(£2) for Te" were calcu eee! 
assuming a spin and parity of 5 2* for the excited state. Values of a are also given. Because of the possible ambiguity in second excited 
states in the case of tellurium, the value of @ appropriate to each possible state, Gre | in a parentheses 4 in kev, is sawp. 











Level Bombarding E Oo B,(B2)e 
Isotope (kev) ar particle (Mev) (10° em*) (10°* cm) e 
Te™ 159 0.21 alpha 4 0.7 0.018 —0.02 (436) 
—0.13 (504) 
Te™ 466 0.01 proton 3 2.7 0.44 —0.76 (466) 
668 0.00 proton 3.5 2.1 0.26 —0.83 (668) 
Ag” 319 0.02 alpha 4 2.0 0.16 +0.68 
419 0.01 proton 3 2.0 0.23 
Ag” 306 0.02 alpha 4 2.2 0.18 +0.66 
412 0.01 proton 3 2.3 0.31 








observed. Therefore the 633-kev gamma ray is due to a 
level either at 633 kev or at 668 kev, the latter decaying 
through the 35-kev level. From a comparison with the 
159-kev state in Te, it is reasonable to expect that 
the 35-kev level in Te should also be reached by 
Coulomb excitation. However, the 35-kev radiation is 
93% converted,” and the conversion x-rays are com- 
pletely hidden by the x-rays produced from charged 
particle bombardment of the target. Thus this gamma 
ray was not observed despite many attempts using 
scintillation counters, photon proportional counters, 
and x-ray absorption techniques. Although coincidences 
were observed between conversion x-rays and the 431- 
kev gamma ray with an Sb™® source, such coincidences 
could not be found in the Coulomb excitation of Te" 
because of the high accidental rate from x-rays caused 
by the proton bombardment. The spin and parity of 
the 466-kev level shown in Fig. 2 are based on intensity 
considerations, identification of the 435-kev radiation 
with the 431-kev radiation in Sb'** decay, and the fact 
that the excitation is electric quadrupole. The spin and 
the parity of the first excited state, determined by other 
methods,” agrees with the predictions of the unified 
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Fic. 3. Pulse-height spectra from Ag™’ and Ag™ 
bombarded with 3,0-Mev protons. 


4% J. C. Bowe and P. Axel, Phys. Rev. 85, 858 (1952). 


model for a rotational state in a nucleus whose ground- 
state spin is 1/2. Based on the quadrupole nature of 
the excitation, assignments for the level" associated 
with the 633-kev radiation should be 3/2* or 5/2*. 
Angular distribution measurements here also should 
make possible the determination of the spins and 
parities of the two upper levels. 

In Fig. 3 the spectra obtained from the proton 
bombardment of silver show gamma rays at 319 and 
419 in Ag”? and at 306 and 412 kev in Ag™. An alpha- 
particle excitation curve for the 319-kev radiation in 
Ag’ indicated that the radiation came from a level 
at 319 kev. The spin assignments shown in Fig. 3 have 
have been established by angular distribution measure- 
ments'® and agree with those predicted by the unified 
model for rotational levels in a nucleus whose ground- 
state spin is 1/2. The ratio of reduced transition prob- 
abilities for the 400- and 300-kev radiations respectively 
was also found to be in agreement with that predicted 
by the unified model for rotational levels with the spin 
sequence shown. The results of the study on silver 
reported here agree with those of previous investiga- 
tions.'® 

The values of the transition probability for excitation 
and the ground state quadrupole moments of all nuclei 
studied are given in Table I. The calculations of Qo 
were based on the unified model using relationships 
which apply only to transitions in a ground state 
rotational band. Different quadrupole moments were 
obtained using the 435- and 633-kev gamma rays in 
Te. This difference may be due to the fact that one 
or possibly both of these levels does not belong to a 
ground state rotational band. The quadrupole moments 
shown in Table I cannot be measured spectroscopically 
because all the nuclei studied here have ground state 
spin $. 

When rotational levels exist for nuclei with this 
ground-state spin, the Bohr-Mottelson theory predicts 





ue This level is not shown in Fig. 2 due to the ambiguity in its 
location. 

“ F. K. McGowan and P. H. Stelson, Phys. Rev. 99, 127 (1955). 

“N. P. Heydenburg and G. M. Temmer, reference 2; T. Huus 
and A. Lunden, Phil. Mag. 45, 996 (1954); Mark, McClelland, and 
Goodman, reference 3; and P. H. Stelson and F. K. McGowan, 
reference 5. 
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states of energies 

2 
E,;=—{I(1+1)+a(—1)'*4(1+4}) 

24 

— {To(To+1)+a(—1)/*4(1,+4)}], (2) 

where J and J» are the excited-state and ground-state 
nuclear spins respectively, and g is the nuclear moment 
of inertia. The decoupling parameter, a, reflects the 
structure of the wave function of the last odd nucleon. 
Values of a found using Eq. (2 
first two excited states are given in Table I. It is of 
interest to note the exhibited in the odd 
isotopes of even-Z nuclei near closed shells in the light 
of the unified model. In tellurium, a particularly good 


and the energies of the 


trends 
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example, the spin and parity of the first excited states 
of the odd isotopes near A =121 is $+. The position of 
these states starting at A = 121 decreases monotonically 
with increasing A until the ground state spin becomes 
}* instead of 4*. Equation (2) is consistent with this 
behavior if a decreases as A increases. If this equation 
applies, competition in the filling of the 3s, and 2d, inde- 
pendent-particle neutron shells should be reflected in 
the values of a for the odd Te isotopes because a depends 
on the amount of admixture of the competing states. 
We are greatly indebted to Dr. E. H. Geer for 
valuable aid and many helpful discussions. We are also 
grateful to Dr. N. P. Heydenburg and Dr. G. M. 
lremmer for several enlightening discussions. 
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Neutron-Capture Gamma-Ray Spectra of V, Co, Ti, Fe, Cr, Au, Mn, and I7* 
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An experiment has been performed on the neutron-capture gamma spectra of eight elements in the region 
of about 100 kev to 2.5 Mev using Nal crystals. Wherever possible, the data have been compared with the 


results of previous experiments and existing energy level schemes 


I. INTRODUCTION 


HE study of energy levels in nuclei by measuring 

the prompt gamma rays resulting from thermal 
neutron capture is a relatively recent approach to the 
problem of nuclear spectroscopy. The techniques used 
early * limited the 
information obtained to a general picture of the decay 


in some of the measurements! 


scheme. However, structural details were rarely obvious. 
A very fruitful technique using a pair spectrometer* 
has given excellent information in the region from about 
3 Mev up to the binding energy. The low-energy 


component of the spectrum has generally been in- 


vestigated by the use of Nal crystals.*~* Motz" used 


t Work performed with the U. S. Atomic 


Energy Commission 
* A brief summary of this work was presente: 


under contract 


at the Washington 


meeting of the American Physical Society, April 29, 1954 

$ Submitted in partial fulfillment of the requirements for the 
Ph.D. degree at New York Universi 

§ Now at Westinghouse Atomic Power Divis Pittsburgh, 
Pennsylvania 

'C. D. Moak and J. W. T. Dabbs, Phys. Rev. 74, 1249 (1948), 
and Phys. Rev. 75, 1770 (1949 

*H. D. Kubitschek and S. M. Dancoff, Phys. Rev. 76, 531 
1949 

*B. Hamermesh, Phys. Rev. 76, 182 (1949); 80, 415 (1950); 
81, 487 (1951) 

*See B. B. Kinsey, Beta and Gamma-Ray Spectroscopy, 


edited by K. Siegbahn (Interscience Publishers, Inc., New York, 
1955), p. 795 
* Pringle, Taylor, and Roulston, Phys. Rev 1952 


1952 


87, 1016 


* B. Hamermesh and V. Hummel, Phys. Rev. 88, 916 
’T. Braid, Phys. Rev 


90, 355(A) (1953 


a lens spectrometer to measure the energy of the elec- 
trons emitted by a photoelectric converter exposed to 
the capture gamma-ray beam in the region from 300 
kev to 3 Mev. 

Although the construction of a level scheme is most 
easily performed with the high-energy data, low-energy 
information is needed not merely as supplementary 
data, but to remove the ambiguities inherent when 
there are more than one capturing isotope and to give 
a more complete picture regarding the multiplicity of 
the decay. The experiment reported here covers the 
region from about 100 kev to 2.5 Mev. 


Il. APPARATUS 


The target and spectrometer were located opposite an 
experimental hole which yielded a flux of about 106 
n/cm? sec, on the west face of the Brookhaven reactor. 
Figure 1 shows a schematic of the experiment. The 
upper surface of those targets for which the capture 
cross section is not large compared with the-scattering 
section covered with an aluminum box 
containing lithium fluoride in order to prevent neutrons 
which are scattered from the target from being captured 
in the surrounding equipment and detectors. 

Spectroscopy was performed by means of a 3 cm X3 


cross was 


* T. Braid, Phys. Rev. 91, 442(A) (1953). 

* Reardon, Krone, and Stump, Phys. Rev. 91, 334 
” H. T. Motz, Phys. Rev. 90, 355(A) (1953 

“ H. T. Motz, Phys. Rev. 93, 925(A) (1954) 
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NEUTRON-CAPTURE y-RAY SPECTRA 


cm NalI(TI1) crystal (crystal A in Fig. 1) in contact 
with a DuMont K 1186 photomultiplier tube. This 
combination had a resolution of 7.5% for the 662-kev 
gamma ray of Cs'*’. Four Nal crystals B were mounted 
in a ring with their outputs connected in parallel. These 
served as a detector for the scattered gamma rays when 
the apparatus was used as a Compton spectrometer. 

The experiment was designed so that data could be 
obtained by two methods: 

(1) Singles.—In this case, all gamma rays interacting 
in crystal A would be measured. This method suffers 
from the fact that the lower energy photopeaks are 
superimposed upon the Compton-scattered spectrum 
of the higher energy gamma rays. 

(2) Coincidences.—In this case, the equipment was 
operated as a Compton spectrometer in a fashion 
similar to that suggested by Hofstadter and McIntyre.” 

A block diagram of the electronics is shown in Fig. 2. 
If a pulse from A and a pulse from B occur within the 
fast-coincidence time (0.1 usec), an output results which 
lasts about 2 usec. If, during this time, the pulse from 
B passes through an electronic window which has been 
adjusted at about 200 kev, depending on the region of 
the capture spectrum being observed, an output is 
derived from the slow-coincidence circuit which results 
in the generation of a sweep pulse. This permits the 
pulse from A to be stretched and displayed on a gray- 
wedge oscilloscope,” which was photographed through 
a Wratten C5 blue filter on 35 mm Eastman-Kodak 
Spectroscopic /V—O or IV-F film. During the time the 
sweep is in operation, a “clamp” circuit prevents any 
additional pulses in A from entering the stretching 
circuit and distorting the spectrum. If the B side of the 
fast and slow coincidence circuits are appropriately 
biased, all pulses'* in the A channel are displayed and a 
singles spectrum results. 


Ill. NATURE OF MEASUREMENTS 


The capture spectrum of each target was obtained 
by taking a series of exposures at different gain settings 
and in the singles and coincidence positions. Au™, 
Cs7, Co, and Na™ sources were used for the purpose of 
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Fic. 1. Schematic drawing of capture gamma-ray experiment. 


“2 R. Hofstadter and J. A. McIntyre, Phys. Rev. 78, 619 (1950). 

4 Bernstein, Chase, and Schardt, Rev. Sci. Instr. 24, 437 
(1953). 

“ Actually, a bias of about 0.4 volt was put on the input of the 
A and B channels to reduce photomultiplier noise. 
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Fic. 2. Block diagram of Compton spectrometer. 


energy calibration lines at 411 kev; 662 kev; 1.17 Mev 
and 1.33 Mev; and 1.38 Mev and 2.76 Mev, respectively. 
In all cases an artificial pulser was used to establish the 
low-energy side of an exposure so that in all pictures the 
energy range is from zero to some arbitrarily set value. 

Singles counting rates varied from about 1.5X10* 
per minute to about 2.5X10* per minute, depending 
upon the capture cross section and complexity of the 
capture spectrum of the target. Singles pictures required 
about two minutes exposure time using /V-O film for 
the low-energy part of the spectrum, and about six 
minutes when photographing the spectrum up to 3 Mev. 
The reason for this difference in exposure time will 
become apparent in the description of the general 
features of all pictures. 

The counting rates of the coincidence pictures varied 
from about 60 per minute to about 160 per minute. 
This depended upon the capture cross section of the 
target and the region of the spectrum being examined. 

The window in the B channel was set at the energy 
of the recoil photons corresponding to the energy of the 
primary gamma rays which were of interest in the 
particular exposure. Since the gamma-ray intensity 
from all sources incident upon the B crystals rose 
sharply in the low-energy region, the coincidence 
counting rate was higher when the low-energy part of 
the spectrum was being examined. 

The coincidence pictures were taken with a sweep 
speed about ten times slower than the singles pictures 
and required an exposure of about 12 to 20 hours. 


Background 


The following three distinct mechanisms could 
account for a background contribution to the coin- 
cidence spectrum of about 35%. It is believed that 
there are other factors which make the background still 
higher. 

(1) Ordinary accidentals.—This accounted for about 
10% of the total coincidence rate and could be deter- 
mined quite accurately by switching in the delay line 
shown in the B channel of Fig. 2. It can be shown 
that the accidental counting rate is 28N4N pcrandom)7/ 
X(1+-2N prtotety7s), where 8 is that fraction of the 
events in B which get through the window, NV, is the 
counting rate in A channel, Ngirandom is the total 
counting rate in B minus those counts in B which 
originate in the same excited nucleus as a pulse in A, 
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NEUTRON-CAPTURE 4-RAY SPECTRA 


the photoelectric cross section of Nal. In addition, the 
coincidence spectrum below 600 kev was complicated 
by two peaks due to the annihilation gamma rays. 
These two facts combined to make the singles photo- 
graphs in the region below about 600 kev superior to 
the coincidence pictures. Several representative photo- 
graphs of the data will be shown below. 


B. Intensity Measurements 


Unfortunately, precise intensity measurements of 
peaks were not made because of the high background 
upon which the peaks normally were superimposed. 
A very small error in the measurement of the height of 
a peak on a large background would be greatly magni- 
fied compared to the same error on a peak with a much 
smaller background. This difficulty became particularly 
apparent in the gray wedge method of intensity 
analysis because of the logarithmic response of the 
wedge, so that a relatively intense transition may appear 
only as a slight peak if it is superimposed upon a high 
background. 


C. Analysis of Data 


(1) Vanadium.—A solid block of vanadium one-half 
inch thick was irradiated. Because there is only one 
isotope, there is no ambigaity regarding the origin 
of the observed lines. Level schemes for the capturing 
isotope V® were obtained by Bartholomew and Kinsey'* 
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~ 8B. B. Kinsey and G. A. Bartholomew, Phys. Rev. 89, 386 
(1953). 


Fic. 6. Coincidence 
spectrum of cobalt. 


using the reaction V"(n,7)V" and by Schwager and 
Cox"* using the V"(d,p)V™ reaction. That proposed in 
the (,7) experiment is reproduced in Fig. 3. In addition 
to the 1.46-Mev radioactive decay line, several addi- 
tional lines were observed in the present experiment. 
One of these at about 0.82 Mev is shown in Fig. 4. 
It seems too broad for a single line and probably 
corresponds to the transition of Z and E’ to the ground 
state of Fig. 3. The line at 0.64+-0.02 Mev cannot be 
accounted for on the basis of any transitions in the 
decay scheme shown in Fig. 3. Another line at 0.432-0.02 
was observed which indicates a transition from C to 
the ground state of the V® level scheme shown in Fig. 3. 

(2) Cobalt.—Cobalt shavings packed in a thin 
aluminum can were irradiated. Since there is only one 
stable isotope, the entire spectrum must be attributed 
to Co®. The low-energy part of the spectrum was 
investigated by Reardon, Krone, and Stump’ and by 
Hamermesh and Hummel.* The high-energy part was 
done by Bartholomew and Kinsey.'* The results of 
this investigation agree reasonably well with the decay 
scheme (Fig. 5) proposed by the latter. There is almost 
a complete lack of agreement with the results of the 
first two papers. Figure 6 shows peaks at 8 energies 
of 1.56, 1.23, 0.60, and 0.44 Mev corresponding to 
gamma rays of 1.82+0.04, 1.48+-0.04, 0.82+-0.02, and 
0.65+0.02 Mev. These are in agreement with transitions 
from lines L, J, S, and £ to the ground state. In 
addition, singles spectra of the low-energy region show 
peaks at 0.289+0.010 and 0.23740.005 Mev. The 
peak at 0.289 is consistent with a transition from the 
first excited state B to the ground state. Inasmuch as 
the intensity of the 0.237 peak is very difficult to 
estimate, its origin is doubtful. However, there is no 
indication in any of the data of a transition from the 
state G at 1.01 Mev to the ground state. A transition 
from G to S would result in a gamma ray of about 220 
kev which would be consistent with the 237-kev line 


J. E. Schwager and L. A. Cox, Phys. Rev. 92, 102 (1953). 
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five stable isotopes. From a knowledge of isotopic 
abundance and cross section,’ Ti** contributes 95% 
to the total cross section. The next highest is Ti‘? with 
2.1%. Frora the intensity found in the experiment 
reported here, it may be assumed every observed peak 
is due to capture in Ti“. The decay scheme of titanium 
has been investigated in all regions of the spectrum. 
Motz" measured the capture gamma spectrum in the 
low-energy region using a §-ray spectrometer. Figure 8 
shows a decay scheme for Motz’s data based on one 
proposed by Pieper'® and Kinsey and Bartholomew." 
The numbers in parentheses of Motz’s data give 
relative intensities. The numbers to the left of the 
decay scheme are the energy levels inferred from the 
five gamma rays found by Motz. Two gamma-rays 
found by Braid’ are also shown. A singles photograph 
showed an intense peak at 334+6 kev. Figure 9 is a 


Fic. 8. Ti® decay scheme." 
coincidence picture of the spectrum up to about 2.2 
Mev. Peak A is a beta peak at 1.50 Mev corresponding 
to a gamma ray of 1.75+0.04 Mev. Peak B seems too 
broad for a single line and probably results from two 
or more gamma rays between about 1.53 and 1.58 Mev. 
Peak C is at a beta energy of 1.095 Mev, corresponding 
to a gamma ray of 1.39+0.02 Mev. The above men- 
1 agreement with the data on 
Fig. 8. Peak D also appears to be due to two or more un- 
resolved gamma rays between about 1.06 and 1.10 Mev. 
In view of the proposed decay scheme the origin of D is 
very uncertain. 

(5) Iron.—A sample of very pure iron two inches 


tioned lines are in goo 


'’ H. Pomerance, Phys. Rev. 88, 412 (1 
8G. F. Pieper, Phys. Rev. 87, 215 (195 
® B. B. Kinsey and G. A. Bartholomew, Phys. Rev. 89, 375 
1953 
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thick was irradiated. Iron consists of four stable 
isotopes, of which Fe contributes 92% to the capture 
cross section. The line structure found in the present 
experiment has been attributed entirely to the com- 
pound nucleus Fe*’. Kinsey and Bartholomew® in- 
vestigated the high-energy components of the spectra 
using the pair spectrometer. Their data show a very 
strong ground-state transition in Fe*’ and a probable 
excited state at 354 kev in Fe*’, inferred from a gamma 
peak 354 kev below the binding energy of Fe*’. J. A. 
Harvey, using the (d,p) reaction, inferred an excited 
state at 0.36 Mev from an exceptionally wide proton 
group. A singles exposure of the low-energy region of the 
iron capture spectra showed a gamma-ray peak at 35548 
kev. The intensity is estimated at under 5%. A coinci- 
dence exposure revealed a peak probably due to two un- 
resolved gamma rays, which have been estimated to be 
at about 1.55 and 1.68 Mev. This agrees reasonably 
well with Kinsey’s data, from which he infers two 
excited states in Fe*’ at 1.62 and 1.72 Mev. 


Fic. 9. Coincidence 
spectrum of titanium 





(6) Chromium.—About 1400 grams of very pure 
chromium were irradiated. Chromium consists of three 
staple isotopes, Cr®, Cr®, and Cr®*, whose contri- 
butions to the cross section are 24.5%, 20.5%, and 
55%, respectively. The contribution of another staple 
isotope Cr is negligible. Kinsey and Bartholomew” 
have investigated the high-energy region of the capture 
spectrum of this element. The two most energetic 
gamma rays (9.716 and 8.88 Mev) they found are 
attributed by them to the transition to the ground 
state and first excited state of the compound nucleus 
Cr. The energy difference is 835 kev, which is in 
excellent agreement with the decay gamma ray of 
Mn® found by Deutch and Elliot® and the capture 
gamma data of Braid.* A singles photograph of the 
capture spectrum of chromium showed a peak at 
815+16 kev. Kinsey estimates the neutron binding 
energy in Cr* at 9.07+0.09 Mev, although the intensity 


* M. Deutch and L. G. Elliot, Phys. Rev. 65, 211 (1944) 
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Tasze II. High-energy capture gamma rays from 
Kinsey and Bartholomew.* 
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* See reference 22 
is too weak for them to detect it. They also find a 
gamma ray at 8.499+0.007 Mev. They interpret this 
as due to the first excited state of Cr®. In addition to 
the one at 815+16 kev, one at 740+ 20 kev was found. 
This is interpreted as being due to the transition from 
the first excited state to the ground state of Cr®'. Some 
support for this is lent by the first excited state at 
755+50 kev found in Cr* by Stelson, Preston, and 
Goodman,” using the V"(p,2)Cr® reaction. Adding 
0.740 to 8.499 Mev gives a neutron binding energy of 
9.24 Mev for Cr. This is somewhat higher than that 
estimated by Kinsey. Coincidence capture spectra of 
Cr®! showed a peak at 2.13+-0.05 Mev and a probable 
one at 1.07+0.06 Mev. Neither of these can be placed 
into possible decay schermes with any degree of 
certainty. It should be noted that Stelson ef al. report 
additional excited states at 1.165, 1.420, and 1.530 Mev, 
none of which were observed in the experiment reported 
here. 

(7) Gold.—About 90 grams of high-purity gold were 
irradiated. The high-energy region of gold was in- 
vestigated by Bartholomew and Kinsey” and found to 
be very complex. A list of gamma rays found by them 
is shown in Table II. H, J, and J refer to the highest 
energy of an unresolved group. A singles photograph 
of the capture spectrum of the low-energy region of 
gold revealed a gamma ray at 2481-13 kev. This is 
interpreted as a transition from level D to A in Table II. 
While the gamma ray A was the highest one found 
and agrees with the neutron binding energy of 
6.35+0.15 Mev found by Harvey” for Au, Bartholo- 
mew and Kinsey claim that the intensity of line A is 
much too high for an M2 transition based on a spin 
of one™* and an even parity for the compound nucleus 
and the spin of 3 and odd parity” for the ground state of 
Au™. However, a more recent measurement by Wood** 


™ Stelson, Preston, and Goodman, Phys. Rev. 80, 287 (1950) 

“8B. B. Kinsey and G. A. Bartholomew, Can. J. Phys. 31, 1025 
(1953). 

® JA. Harvey, Phys. Rev. 81, 353 (1951) 

“J. Titman and C. Sheer, Phys. Rev. 83, 746 (1951 

*% Elliot, Preston, and Wolfson (to be published) 

*R. E. Wood, Phys. Rev. 95, 453(A) (1954) 
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Fic. 10. Decay scheme 
for the capture gamma rays 
from manganese proposed 
by Kinsey 


mew. 


and Bartholo 


gives a value of 2 for the spin of the 4.91-ev resonance 
of the compound nucleus of Au™*. This results in an 
E1 transition from the capture state to the ground 
state which is consistent with the intensity of gamma- 
ray A. (See Table II.) 

(8) Manganese.—A solid block of very pure man- 
ganese was irradiated. Since manganese has only one 
stable isotope, all the lines observed must be due to 
capture in Mn**. The level scheme proposed by 
Bartholomew and Kinsey" is shown in Fig. 10. A 
singles photograph of the low-energy region of the 
manganese capture spectrum showed peaks at 98+5 
kev, 206410 kev, 266415 kev, and 308+15 kev. 
The first two gamma rays are probably transitions 
from the first two excited states of Mn** to the ground 
state as shown on Fig. 10. These are in agreement with 
gamma rays of 90 kev and 190 kev found by Hamermesh 
and Hummel.* The origin of the 266 and 308 kev 
gamma-rays cannot be inferred by the decay scheme 
with any reliability. In addition to the low-energy 
capture lines three other gamma rays were observed 
at 2.05, 1.77, and 0.82 Mev, which are presumed to be 
the decay radiation of the 2.6 hr Mn*. 

(9) lodine-—About 700 grams of very pure iodine 
were irradiated. Very little structure could be observed. 
A weak peak was seen at about 255 kev although a 
strong possibility exists that there may be several very 
weak lines in that region. The fluorescent radiation 


in iodine was exceptionally broad. It is believed that 
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this is due to a very intense capture gamma ray at 
about 85 kev. 
D. Summary 


Table III lists the gamma rays observed in this 
experiment. 


Taste III. Gamma rays observed in this experiment. 








Element Fnergy in Mev 





0.64, 0.43, two unresolved lines at about 0.82. 

Cobalt 1.82, 1.48, 0.82, 0.65, 0.289, 0.237. 

Copper 0.280, 0.202. 

Titanium 1.75, two unresolved lines between 1.53 and 
1.58, 1.39, two unresolved lines between 1.06 
and 1.10, 0.334. 

two unresolved lines between 
0.355. 

2.13, 1.07, 0.815, 0.740. 

0.248. 

0.308, 0.266, 0.206, 0.098 

0.255, 0.085. 


Vanadium 


Iron 1.55 and 1.68, 
Chromium 
Gold 
Manganese 
Iodine 








V. CONCLUSIONS 


Virtually all the lines observed are consistent with 
the previously proposed decay schemes and with the 
high-energy data. In most cases they represent a 
transition from an excited state directly to the ground 
state. In spite of this fact, one would have to be 
extremely cautious in constructing a decay scheme for 
an element on the basis of the low-energy data alone. 
A conclusion which seems justified on the basis of the 
data presented here is that the average number of 
gamma rays per neutron capture is only slightly more 
than two. However, even this statement must be made 
with a great deal of caution ; for each element may decay 
by a number of three- or four-step processes which 
involve the emission of gamma rays in the region of 2 
to 3.5 Mev, which are too weak to be detected by the 
Compton spectrometer used in this experiment or by 
the pair spectrometer used by Kinsey e/ al. 
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Protons from the Bombardment of Several Elements with 40-Mev Alpha Particles* 
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Thin targets of Au, Ag, and Cu were bombarded with 40-Mev alpha particles and the energy distributions 
of protons emitted at 150° were measured. According to the compound-nucleus model, the level density of 
the residual nucleus is equal to: const N/a, where N is proportional to the probability that the compound 
nucleus emits a proton of energy E, and ¢; is the cross section for the inverse reaction. For each element, 
log(N/ Ea.) plotted as a function of the excitation energy of the residual nucleus, Z,, is concave downward. 
This is in qualitative agreement with the Fermi gas level density formula: const exp(A Z,)4. For Au, N/ Ee, 
fits this formula with A = 5.8 Mev when E,>2 Mev; when E,<2 Mev, N/ Es; increases less rapidly with 
increasing E, than the formula. For Ag, N/ Ea: fits with A=4.7 Mev™ for all E,. For Cu, N/Eze, fits with 
A=5.6 Mev™ when E,>4.5 Mev; when E,<4.5 Mev, N/Eze, increases more rapidly than the formula. In 
the region of 150°, the cross section for the emission of lower-energy protons is isotropic, but the cross section 
for high-energy protons decreases slightly with increasing angle. Thus the energy distributions in the region 
of small E,, are probably contaminated with protons from noncompound-nucleus processes. 


I. INTRODUCTION 


N the past few years, experiments have been per- 

formed to measure the density of energy levels of 
nuclei as a function of the nuclear excitation energy. 
In these experiments, measurements were made of the 
energy distributions of neutrons! and of protons* 
inelastically scattered from various nuclei, and of the 
energy distributions of neutrons from (p,m) reactions on 
various nuclei.’ The bombarding energies were between 
14-Mev and 18-Mev. In interpreting these experiments, 
it was assumed that the relation between the measured 
nucleon energy distributions and the energy level 
densities was provided by the following formula‘: 


N(E)dE=const Eo,(E)p(E,)dE, (1) 


where N(E)dE=number of nucleons emitted with 
energy between E and E+dE, o.(E)=cross section for 
capture of a nucleon of energy E by the residual 
nucleus, and p(E,)=density of energy levels of the 
residual nucleus at excitation E,=Emax—E. Emax iS 
the maximum energy which the emitted nucleon may 
have. This formula follows from the assumption that 
the reaction proceeds through the compound-nucleus 
mechanism and depends upon detailed balancing 
between the compound system and the system consist- 
ing of the residual nucleus plus the emitted nucleon. 

Recent developments indicate that noncompound- 
nucleus processes play an important part in nuclear 
reactions.*~7 It has been pointed out that the higher 
* Work performed under the auspices of U. S. Atomic Energy 
Commission 

t Now at the Physics Department, University of Minnesota, 
Minneapolis, Minnesota 

‘FE. R. Graves and L. Rosen, Phys. Rev. 89, 343 (1953 

?P. C. Gugelot, Phys. Rev. 93, 425 (1954 

*P. C. Gugelot, Phys. Rev. 81, 51 (1951) 

‘V. F. Weisskopf, Phys. Rev. 52, 295 (1937) 

‘ Austern, Butler, and McManus, Phys. Rev. 92, 350 (1953). 

*R. M. Eisberg and G. Igo, Phys. Rev. 93, 1039 (1954 

7V. F. Weisskopf, Brookhaven Conference on the Statistical 
Aspects of the Nucleus January, 1955, BNL-331 (C-21) (un- 
published), p. 106. 


energy nucleons, emitted in the reactions investigated 
in experiments mentioned above, very probably come 
from noncompound-nucleus processes.* The presence 
of noncompound-nucleus processes casts serious doubt 
on the interpretation of these experiments and prompts 
a search for new experiments which provide less 
ambiguous information about nuclear energy level 
densities. 

According to one of the models of the noncompound- 
nucleus process, the incident nucleon makes a two-body 
collision with a nucleon of the target nucleus.®* Either 
the struck nucleon or the incident nucleon escapes, 
carrying off a large fraction of the total available 
energy. In this model, emission of such nucleons at 
backward directions in the laboratory system is possible 
only by virtue of the initial internal momentum of 
the struck nucleon. If this is the case, the use of bom- 
barding particles of high momenta should inhibit the 
noncompound-nucleus emission of nucleons at backward 
directions in the laboratory system. On the other hand, 
to increase the probability that a reaction proceed by 
the compound-nucleus mechanism, high bombarding 
energies should be avoided. An alpha particle, which 
has the same enerjy as a nucleon, has twice as much 
momentum. Consequently, reactions induced by alpha 
particles may lead to the emission of fewer nucleons 
at backward directions, by noncompound-nucleus 
processes, than reactions induced by nucleons. These 
considerations motivated the experiment which is re- 
ported in this paper. 

In this experiment, thin targets of Au, Ag, and Cu 
were bombarded with 40-Mev alpha particles, and the 
energy distributions of protons emitted at 150° were 
measured. Measurements were also made of the angular 
distributions for the emission of protons of several 
energies in order to determine to what extent the 


*R. M. Eisherg, Phys. Rev. 94, 739 (1954) 

* Preliminary data on (a,p) reactions were presented by E. 
Bleuler and by the present authors at the conference mentioned 
in reference 7. 
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reactions proceed the 


mechanism. 


through compound-nucleus 


Il. EXPERIMENTAL PROCEDURE 


By means of a magnetic strong-focusing lens, the 
external alpha-particle beam of the Brookhaven 
@-inch cyclotron was brought to a focus on a thin 
target at the center of a scattering chamber located 30 
feet from the cyclotron in a shielded room. The beam 
was monitored by a Nal scintillation counter which 
detected alpha particles elastically scattered from the 
target at a fixed angle of 26°. The energy of the beam 
was determined by measuring its range in Al. The 
energy was 41.0+0.3 Mev. Since the beam lost 2.0 
Mev in traversing the target foils, the average alpha- 
particle energy in the target foils was 40.0+0.3 Mev. 

Protons emitted from the target foils passed through 
thin exit windows of the evacuated scattering chamber 
and were detected. The detector was a Nal scintillation 
counter mounted on an arm which could rotate about 
the center of the 
resolution of the detector was 4 percent full width at 
half-maximum. 

Pulses from the detector passed through a cathode 
Atomic Instrument Company 
twenty-channel analyzer. The 
sensitivity of the entire system was calibrated with 
pulses from the 0.661-Mev gamma rays of Cs"? and 
with pulses from elastically scattered alpha particles. 
The latter calibration was corrected for the nonlinear 
response of Nal for alpha particles.’° The two calibra- 
tions agreed within 2 percent 

In order to render the detector insensitive to alpha 
particles, 170 mg/cm? of Al absorber was placed 
between the detector and the target. This absorber 
stopped the most energetic alpha particles but produced 
only a small decrease in the energy of the protons. 

With the detector at an angle of 150°, energy distri- 
butions were measured for the protons emitted from 
three targets: Cu, Ag, and Au. Each distribution was 
obtained in two runs with the twenty-channel pulse- 
height analyzer ; the highest channel in the first run was 
overlapped with the lowest channel in the second run. 

The background in this experiment consisted of 
gamma rays and neutrons emitted from the target and 
from a shielded Faraday cup located several feet 
behind the target. (The focused beam passed through 
a 4 inch diameter diaphragm located in front of the 
scattering chamber without a significant amount of the 
beam striking the edges.) Experimental runs were 
made with the target removed and also with an absorber 
between the target and the detector thick enough to 
stop all protons. From these data the background 
and subtracted the measured 
energy distributions. The background was less than 


scattering chamber. The energy 


follower and into an 


pulse-height energy 


was estimated from 





* Taylor, Jentschke, Remley, Eby, and Kruger, Phys. Rev. 
84, 1034 (1951) 
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5 percent at the low-energy end of the distributions, 
and negligible at intermediate and high energies. 

Since the counting rate decreases rapidly with 
increasing energy, the high-energy end of the energy 
distributions could be distorted by “pile-up” due to the 
large number of low-energy pulses. This effect was 
observed at the highest available beam intensity. The 
energy distributions were measured with sufficiently 
low beam intensities so that the observed distributions 
were independent of beam intensity. Similar distortions 
of the energy distributions would result from non- 
linearity in the detector or pulse-height analyzer. The 
agreement between the energy calibration made with 
pulses from Cs"? gamma rays and the calibration made 
with elastically scattered alpha particles indicated that 
the system was linear. To confirm this, an energy 
distribution was measured using a certain pulse-height 
analyzer amplifier gain and a certain voltage on the 
photomultiplier tube. It was then remeasured using 
twice the original amplifier gain and with the photo- 
multiplier voltage reduced so that, for elastically 
scattered alpha particle pulses, the over-all gain was 
the same as in the first measurement. The energy 
distributions, measured under these two conditions, 
were identical to within the accuracy with which the 
gains could be equated. Nonlinearity would have caused 
the shape of the energy distributions to be different in 
the two measurements. 

An investigation was made of the effects of the 
energy resolution of the detector and of the thickness 
of the target foils, on the measured energy distributions. 
The true energy distributions were approximated by 
unfolding the effect of a square resolution function 
2.5 Mev broad. It was found that the resolution did not 
significantly change the distributions and consequently 
this correction was not applied. 

Each energy distribution was measured at least 
twice. The data always agreed within the statistical 
fluctuations and other uncertainties mentioned above. 
In the case of Au, energy distribution measurements 
were also made with an Atomic Instrument Company 
single-channel pulse-height analyzer and found to be 
in agreement with the other data. 

Measurements were made of the angular distri- 
butions for the emission of protons of two energies 
from Au and Cu. Data for both energies were obtained 
simultaneously on the twenty-channel pulse-height 
analyzer. The angular resolution of the detector, 
including the effect of the size of the beam and the 
size of the counter aperture, was +1.5°. 


III. EXPERIMENTAL RESULTS 


The proton energy distributions measured in this 
experiment are analyzed according to the compound- 
nucleus model. The extent to which this procedure is 
justified will be indicated by the results of the angular 
distribution measurements discussed at the beginning 
of the next section. 














PROTONS FROM BOMBARDMENT OF ELEMENTS 


Rewriting Eq. (1), of the Introduction, one obtains: 
N(E)/Ea.(E)=const p(E,). (2) 


The assumption that Eq. (2) is valid provides a relation 
between V(E), the measured quantity, and p(E,), the 
desired quantity. 

The energy of the protons, measured in this experi- 
ment, is always greater than the height of the Coulomb 
barrier of the residual nucleus. Under these circum- 
stances ¢-(E), which is obtained from the calculations 
of Shapiro," will change very slowly with Z. Conse- 
quently, uncertainties in the calculated values of 
o-(E) introduce a negligible uncertainty into the 
dependence of V/Ee, on £. 

The energy distributions, measured at 150° in the 
laboratory system, are first corrected for the energy 
loss of the protons in traversing the 170 mg/cm? of 
Al which is placed between the detector and the scatter- 
ing foil to stop alpha particles. The energy distributions 
are then transformed to the center-of-mass system. 
Figure 1 shows the center-of-mass energy distribution 
of protons emitted at 150° from a thin Au foil 
bombarded with 40-Mev alpha particles. The upper 
abscissa is the energy of the emitted proton. The 
ordinate is the quantity, V/Ea-. 

It is desirable to present V/Ee, as a function of E,, 
the excitation energy of the residual nucleus. The 
relation between E and E£, is determined by the Q of 
the (a,p) reaction, Qa». The Q is calculated from the 
semiempirical mass formula.” The lower abscissa in 
Fig. 1 is the excitation energy of the residual nucleus. 

Since |Q.,4|, the energy threshold for an (a,d) 
reaction, is of order 6 Mev greater than |Q,,/; the 
high-energy end of the distribution contains no 
deuterons. The separation is amplified by the difference, 
A, between the energy loss of deuterons compared to 
protons, in traversing 170 mg/cm* of Al between 
detector and scattering foil. In Fig. 1, that part of 
the spectrum to the right of the “deuteron end point” 
consists entirely of protons. To the left of the “deuteron 
end point,” the distribution may contain deuterons. 

According to the compound-nucleus model, the ratio 
of the number of deuterons to protons detected with 
energy, E to E+dE, after passing through 170 mg of 
Al, is 
Na&(EdE Mao.alF) pa’ (E) 

N,(E)\dE Mya. »(E) or(E—(|Qaa| —|Qa »|)—A) 


The quantities M, and M, are the mass of proton and 
deuteron; ¢.,, and ¢,, 4 are cross sections for the forma- 


4M. M. Shapiro, Phys. Rev. 90, 171 (1953). Values of o, were 
obtained by using R= 1.5A'X 10-4 cm. 

N. Metropolis and G. Reitwiesner, Table of Atomic Masses, 
Atomic Energy Commission Report NP-1980, 1950 (unpublished). 
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Fic. 1. The quantity, N/E, from the (a,p) reaction on gold. 


tion of the compound nucleus, by protons and 
deuterons; E is in units of Mev; and the remaining 
quantities have been defined before. The ratio of 
deuterons to protons is calculated to be less than 0.02 
for all energies and for all elements investigated in this 
experiment. Therefore, if the reaction proceeds by 
compound nucleus formation, the contribution of deu- 
terons to N/E, is negligible. Similar considerations 
indicate reactions of the type (@;x,p), where x may be a 
neutron, alpha particle, or deuteron emitted preceding 
the proton, will also have a negligible effect on the 
quantity, V/Es,. 

It is interesting to compare these data with the 
Fermi gas level density formula," 


p(E,)=const exp(AE£,)!, (3) 


where p(E,)= the density of energy levels of the nucleus 
at excitation energy Z£,, and A=a constant. This level 
density formula follows from the assumption that the 
nucleus consists of a gas of fermions confined to a 
region of space the size of the nucleus. In Fig. 2, 
N/Ea,, at 150° for Au, is plotted as a function of 
E,'. It is seen that the data fit the Fermi gas level 
density formula with A= 5.8 Mev, when E,>2-Mev. 
When E£,<2-Mev, N/Ee, increases less rapidly with 
increasing Z, than the formula. 

N/ Ea, measured at 150° for Ag, is plotted in Fig. 3 
as a function of E,'. The data fit the Fermi gas level 
density formula with A= 4.7 Mev, for all Z, measured. 
In Fig. 4, V/Ee,, at 150° for Cu, is plotted as a function 
of E,'. The data fit the Fermi gas level density formula 
with A=5.6 Mev, when E,>4.5 Mev. When E, <4.5 
Mev, V/Ee,, increases more rapidly with increasing 
E, than the formula. 


4 V. F. Weisskopf and D. H. Ewing, Phys. Rev. $7, 472 (1940). 
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Fic. 2. The quantity, V/Ee., from the (a,p) reaction 


on gold plotted as a function of E,! 


lhere are several factors which introduce uncertainty 
into the relation between E and E,. These are: un- 
certainty in the calibration of the E scale, uncertainty 
in the energy of the incident alpha-particle beam, the 
presence of two isotopes with differing Q’s (in the case 
of Ag and Cu, a weighted average 0 was taken), and 
the uncertainty in Q values determined from the semi- 
empirical mass formula. These factors combine to 
produce an uncertainty in the location of the origin 
of the E, scale, which is estimated to be of t 
+-0.75 Mev. In order toinvestigate what effec 
tive uncertainty in £, can have on the shape of the curve 
of NV / Ee, as a function of £,', the 
plotted in Fig. 5 for different assumptions concerning 


he order 
t this addi- 
Au data have been 
the relation between E and E,. In curve 6, the calculated 
relation between E and E, is used. Curve a shows the 


effect of increasing E, by 0.75 Mev and curve c shows 
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Fic. 3. The quantity, V/Ee,, from the (a,p) reaction on silver. 
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the effect of decreasing E, by 0.75 Mev. It is seen that 
the over-all shape of the curve is not appreciably 
changed. The value of A which fits the data best is, in 
the first case, increased to 6.3 Mev~ and, in the second 
case, decreased to 5.4 Mev™. 

It is noted that the intermediate-weight element, 
Ag, has the smallest value of the parameter, A. In 
view of the uncertainty in A mentioned above, the 
decrease in A might have doubtful significance. How- 
ever, only the last two sources of error mentioned in the 
preceding paragraph introduce an uncertainty into the 
relation between E and E, which is not the same for 
the three elements. The relative uncertainties in A 
for the three elements are estimated to be one-half 
of the total uncertainty quoted in the last paragraph. 
Therefore, the relatively low A measured for Ag 
cannot be explained only on the basis of experimental 
error. 
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Fic. 4. The quantity, V/Ee., from the (a,p) reaction on copper 
Measurements have been made of the angular 


distribution for the emission of 15-Mev and 28-Mev 
protons from Au bombarded with 40-Mev alpha 
particles. The results are presented in Fig. 6. The 
abscissa is angle in the center-of-mass system. The 
ordinate is relative center-of-mass differential cross 
section. The two curves have been displaced vertically 
by an arbitrary amount, so that they would fit on the 
same figure. Although it is not shown in Fig. 6, the 
differential cross sections, at both energies, continue to 
increase with decreasing angle in the forward hemi- 
sphere. Angular distributions for the emission of protons 
of 19 Mev and 31 Mev from Cu are shown in Fig. 7. 

In the case of 15-Mev protons from Au (corresponding 
to points in the region of E,4=4.0 in Fig. 2) the differ- 
ential cross section decreases with increasing angle but 
becomes isotropic at angles greater than about 120°. 
In the case of 28-Mev protons from Au (£,}=1.7 in 
Fig. 2) the differential cross section continues to decrease 
slowly with increasing angle, even at 150°. In a similar 





PROTONS FROM BOMBARDMENT OF ELEMENTS 


fashion, the differential cross section for the emission 
of 19-Mev protons from Cu (£,'=4.2 in Fig. 4) becomes 
isotropic at angles greater than about 120°, but the 
differential cross section for the emission of 31-Mev 
protons from Cu (£,!=2.3 in Fig. 4) decreases slowly 
with increasing angle to the largest angles measured. 


IV. DISCUSSION 


It would seem reasonable to separate the angular 
distributions for the emission of 15-Mev protons from 
Au and 19-Mev protons from Cu into two parts. At 
angles greater than about 120°, the isotropic angular 
distributions indicate that the compound-nucleus 
mechanism plays a dominant role in the reactions. 
At smaller angles, the forward peaking of the angular 
distributions indicates that some noncompound-nucleus 
mechanism is primarily responsible for the reactions. 
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Fic. 5. The change in N/E, introduced by displacing 
the zero of the F, scale by +0.75 Mev. 


However, in the case of the emission of 28-Mev protons 
from Au and 31-Mev protons from Cu, the noncom- 
pound-nucleus mechanism appears to be significant at 
all angles. The angular distributions give weight to the 
interpretation of N/Ee, in terms of nuclear level 
densities in the case of higher excitation energies 
(lower-energy emitted protons). However, they indicate 
that this interpretation can be applied in the case of 
lower excitation energies only if consideration is given 
to the presence of noncompound-nucleus processes. 
The angular distribution data show that the (a,p) 
reactions investigated in this experiment do not provide 
completely unambiguous information about nuclear 
level densities. However, it appears that in this energy 
range, reactions induced by alpha particles, leading to 
the emission of nucleons at backward directions, are less 
dominated by noncompound-nucleus processes than 
reactions induced by nucleons. In the inelastic scattering 
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Fic. 6. The angular distributions of 15-Mev and 28-Mev protons 
emitted in the (a,p) reaction when gold is bombarded by 40-Mev 
alpha particles. 


of 31-Mev protons, the reaction is predominantly a 
noncompound-nucleus process, even at backward direc- 
tions.** In the present experiment, despite the fact 
that the energy is somewhat higher, the reaction at 
backward directions appears to be largely a compound- 
nucleus process. (These comments are based on the 
assumption that the isotropy of an angular distribution 
at backward directions implies that the compound nu- 
cleus mechanism dominates in that region. This is not 
necessarily correct since it is possible that the non- 
compound-nucleus angular distributions may become 
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Fic. 7. The angular distributions of 19-Mev and 31-Mev 
protons emitted in the (a,p) reaction when Cu is bombarded by 
40-Mev alpha particles. 
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isotropic at large angles.) If alpha-particle bombard- 
ment does inhibit noncompound-nucleus processes at 
backward directions then it is not certain that this 
happens for the reasons presented in the Introduction. 
For instance, it is possible that alpha-particle bombard- 
ment favors the compound-nucleus process because the 
binding energy per nucleon of an alpha particle is 
similar to that of most nuclei. In view of these argu- 
ments, and of the encouraging results of this experiment, 
it would seem worth while to investigate additional 
reactions such as (a,a’) and (X,p), where X is a heavy 
ion such as nitrogen. 

It is interesting to compare the values of V/Eo, 
measured in this experiment with measurements of the 
same quantity which come from the inelastic scattering 
of 18-Mev protons.* The data are presented in Fig. 8. 
The abscissa is the excitation energy of the residual 
nucleus and the ordinate is relative .V/ Eo,. For purposes 
of comparison, all curves have been normalized to 
unity at E,=1 Mev. The data of the (p,p’) experiment 
extend only to E,=12 Mev. 

The most noticeable difference between the results 
of the two experiments is that the N/Ee, curves 
measured in the (p,p’) experiment are concave upward 
while the V/Ee, curves measured in the (a,p) experi- 
ment are concave downward. A concave downward 
dependence is predicted by several level-density 
formulas.'*~'* In particular, the V/ Ee, curves from the 
(a,p) experiment are in good agreement with the shape 
predicted by the Fermi gas level density formula for 
excitation energies greater than several Mev. 

A direct comparison between what is known about 
level densities and the results of these two experiments 
is shown in Table I. Column I gives the target element. 
Column 2 is the ratio of N/Ee, at neutron binding 
~~ C. Van Lier and G. E. Ublenbeck, Physica 4, $31 (1937). 

HH. Wergeland, Fysik. Verden, Fra. 223 (1945). 

*V. F. Weisskopf, Lecture Series in Nuclear Physics (U. S. 
Government Printing Office, Washington, D. C., 1947), p. 107. 














AND WEGNER 
TaBLz I. Comparison of measured level densities. 
(a,p) (p.7) 

Target N/Ee.(neut.B.E.) p(neut. B.E N/Eex(nest. BE.) p(neut. B.E.) 
element N/Eec(l Mev) p(l Mev N/Eac(i Mev) p(l Mev) 
Cu 6x 1e 7X le 8x10 7x1e 
Ag 6x10 2x16 1x10 2x18 
Au, Pt 4x10 1xX1e 2x10 5x10 








energy to V/Ee, at 1 Mev, as measured in the (a,p) 
experiment. Column 3 is the ratio of the level density 
at neutron binding energy to the level density at 1 Mev, 
for the residual nuclei appropriate to the (a,p) experi- 
ment. Column 4 is the ratio of N/Eo, at neutron 
binding energy to V/Eo, at 1 Mev, as measured in the 
(p,p’) experiment. Column 5 is the ratio of the level 
density at neutron binding energy to the level density 
at 1 Mev, for the residual nuclei appropriate to the 
(p,p’) experiment. The level density at neutron binding 
energy is obtained from slow neutron resonance 
experiments’? and the level density at 1 Mev is obtained 
from nuclear spectroscopy experiments.'* It is estimated 
that the data presented in columns 3 and 5 are accurate 
to within a factor of two. 

However, it should be pointed out that neutron 
resonance experiments detect levels of spin J+4, 
where J is the spin of the target nucleus in the ground 
state. Therefore, the level densities determined by this 
method are probably a lower limit to the actual level 
densities. The distance between levels of the same 
spin state was used to evaluate the ratios in columns 3 
and 5 of Table I. 

On the basis of this comparison, it is seen that the 
\/Eo, measured in the (a,p) experiment are in much 
better agreement with present knowledge of level 
densities obtained by actual counting of levels than 
are the \/ Eo, measured in the (p,p’) experiment. For 
Cu, the (a,p) data are in excellent agreement with 
the level density data. For Ag and Au, the (a,p) data 
indicate an increase in V/E¢., from 1-Mev to neutron 
binding energy, which is about a factor of 30 less 
than the increase in level density. 

Some of this discrepancy is quite probably due to 
noncompound-nucleus processes. The angular distri- 
bution data indicate that noncompound-nucleus 
processes are more important for reactions leading to 
lower excitation energies. Therefore, the noncempound 
nucleus processes tend to increase V/Eo, at lower 
excitation energies, relative to its value at higher 
excitation energies. Whether or not this can account 
for the discrepancy will be established only by further 
experimental and theoretical work. 

The authors are grateful to the crew of the Brook- 
haven cyclotron for their cooperation and to Dr. C. E. 
Porter and Professor V. F. Weisskopf for stimulating 
discussions. 

7 J. A. Harvey (private communication). 


'§ Nuclear Data, National Bureau of Standards Circular No. 499 
(U. S. Government Printing Office, Washington, D. C., 1950). 
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Differential cross sections for scattering of neutrons at forward angles have been measured at three 
energies for several elements. The results are compared with predictions of the complex square well potential 


of Feshbach, Porter, and Weisskopf. 





SENSITIVE test of the complex square well nu- 

clear model of Feshbach, Porter, and Weisskopf' 
is provided by comparing measured cross sections for 
heavy elements at a fixed energy as a function of atomic 
weight with the predictions of the model.?~ For ex- 
ample, the variation with atomic weight of the dif- 
ferential elastic scattering cross section o(@) measured 
at a fixed angle and energy permits comparison with 
theory without the need of complete angular distri- 
bution measurements. 

Previous determinations? of o(@) at 1 Mev show 
qualitative agreement with the predictions of the 
complex square well model. In an attempt to provide 
further comparison of theory with experiment, meas- 
urements of o(@) have been made at small angles. Since 
a(@) is usually largest at small angles, such measure- 
ments are somewhat easier to perform for small values 
of @. 

Differential cross sections for elastic scattering have 
been measured for several elements at neutron energies 
of 0.50, 1.00, and 1.55 Mev with a neutron energy 
spread of about 100 kev. Figure 1 shows the experi- 
mental arrangement. Neutrons produced by the 
Li’(p,m) reaction were scattered through the angle 6 by 
annular rings of the element being investigated and 
were detected by a gas recoil counter. A polythene cone 
shielded the counter against neutrons from the target. 
The neutron flux incident on the scattering samples was 
measured by moving the counter to the position shown 
by the dashed line drawing in Fig. 1. The angle @ was 
varied by changing the distance D and using two sizes 
of rings of mean diameters 4.22 and 8.54 cm, respec- 
tively. The rings were of the order of one cm thick. 
With this arrangement the angular resolution was 
approximately 49. 

In order to compute o(6), the effective distance from 
scattering sample to counter must be known. This was 
obtained by comparing the counting rate with the 
counter at a distance D+12 inches (see Fig. 1) from 
the source to the counting rate with the counter in the 
same position relative to the source as it occupied 


* Work supported by the U. S. Atomic Energy Commission and 
the Wisconsin Alumni Research Foundation. 

t Now at Princeton University, Princeton, New Jersey. 

1 Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1954) 

2M. Walt and H. H. Barschall, Phys. Rev. 93, 1062 (1954) 

+R. K. Adair, Phys. Rev. 94, 737 (1954). 

*W.S. Emmerich, Phys. Rev. 98, 1148 (1955) 


relative to a typical element of the scattering ring as 
shown in Fig. 1. 

At 1 Mev, experiments were performed on ten ele- 
ments® at scattering angles of 8°, 12°, 16°, and 22°, and 
on fifteen elements at 30°. At 0.50 Mev, only «(30°) 
was measured and at 1.55 Mev, o(14°) and #(30°). For 
a neutron energy of 1 Mev, data were taken at two 
biases set so that no neutrons with energies less than 
660 kev and 790 kev, respectively, were detected. There 
were no significant differences in cross sections measured 
at the two biases except in the case of thorium, where 
a 7% difference was observed. At 0.50 Mev, the two 
biases were set to discriminate against neutrons having 
energies less than 200 and 300 kev, respectively. In 
this case, only tantalum and thorium showed any ap- 
preciable bias effect. At both 0.50 and 1.00 Mev, 
results for both biases were averaged, except for the 
cases just mentioned, where only the high-bias data 
were used. At 1.55 Mev, the data presented were taken 
with the discriminator set such that neutrons of energy 
less than 1.1 Mev were not detected. 

Multiple scattering corrections were applied to the 
observed cross sections by using the method of Walt 
and Barschall.? This procedure requires some knowledge 
of the angular distribution over the entire angular range. 
For the 1.00-Mev data the results of reference 2 were 
used. At 0.50 Mev and 1.55 Mev, corrections were 
estimated on the basis of the measured anisotropy 
o(6)4x/o,. The magnitude of the corrections for a given 
anisotropy were obtained from the 1-Mev experiments. 
There is considerable uncertainty in corrections esti- 
mated in this way, but since the average value of the 
correction was about 5.5% for the measurements made 
at 30° and about 9% for those made at smaller angles, 
the uncertainty introduced into the final results is 
probably not more than 3%. 

Table I lists the elements investigated with the 
corresponding values of the nuclear radius R, where 
R is taken to be 1.45 A!X10~™ cm. Figure 2 shows the 
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Fic. 1. Diagram of geometry used in measuring o(6). 
* Darden, Haeberli, and Walton, Phys. Rev. 96, 836 (1954). 
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Fic. 2. Differential elastic scattering cross sections divided by 
oR? versus R, where R= 1.45 A'X10-" cm. The black circles show 
the experimental results. Shape-elastic scattering calculated from 
the complex potential —42(1+0.03i) Mev is indicated by the 
solid curves. The dashed curves include the contribution of com- 


pound-elastic scattering. 


PERKINS, 


AND WALTON 


results. The differential cross sections divided by +R? 
are plotted versus R. The points shown in Fig. 2 for 
6=0°, E,=1.00 Mev, were obtained by extrapolating 
the 1-Mev measurements to 0°. The principle uncer- 
tainties in the results are the statistical uncertainties 
(6%), uncertainties in the multiple scattering correc- 
tion (3%), and uncertainty in determining the effec- 
tive distance from sample to counter (5%). This last 
uncertainty will affect only the scale of the ordinates 
in Fig. 2, and is therefore not included in the error bars 
shown. 

The curves shown in the figures were calculated® by 
using the complex potential! 


¥Y=—42(1+¢1)Mev, r<R, 
f=0.03 


=(, r>R. 


According to this model, the differential elastic scat- 
tering cross section consists of a shape-elastic or body- 
elastic cross section ¢,.(@), and a compound-elastic cross 
section o--(@). The latter cross section corresponds to 
scattering events in which a compound state is formed, 
which then decays by emitting a neutron having the 
same energy as the incident neutron. Only an upper 
limit on the total compound-elastic cross section is 
predicted by the model. The solid curves in Fig. 2 show 
the contribution of shape-elastic scattering alone. In 
the absence of detailed information concerning the 
angular dependence of o,,(@), the maximum total com- 
pound-elastic cross section divided by 4a was added to 
the shape-elastic cross section to estimate the possible 
effect of compound-elastic scattering. This is shown by 
the dashed curves in Fig. 2. Since the compound-elastic 
cross section is not expected to be isotropic,’ measured 
cross sections somewhat higher than those indicated 
by the dashed curves do not necessarily constitute a 
disagreement with the predictions based on the model. 
The measured cross sections are fairly well reproduced 
by the theory, especially at 0.50 Mev. For silver, the 
cross sections are consistently lower than for the 
neighboring elements, cadmium and tin. This is prob- 
ably a result of the large inelastic scattering cross 
section’ in silver, rather than an indication of a shape 
effect in the elastic scattering cross section. Some 
disagreement between theory and experiment is indi- 
cated at the smaller angles in the atomic weight region 
above 200 at 1.00 and 1.55 Mev. Also, the predicted 
peak in the cross section for nuclear radii of about 
5.3 10~" cm which appears in the curves for E,=1.55 
Mev, is not shown by the measurements, although only 
titanium results are available for comparison. 
Differential elastic scattering cross sections measured 
at 4 Mev neutron energy* indicate that values of the 





* The authors are very grateful to Dr. R. G. Thomas of the Los 
Alamos Scientific Laboratory for supervising the calculations of 
@(@). 

’ Beyster, Henkel, and Nobles, Phys. Rev. 97, 563 (1955). 

*M. Walt and J. R. Beyster, Phys. Rev. 98, 677 (1955). 

















SMALL-ANGLE SCATTERING OF NEUTRONS 


parameter ¢ larger than 0.03 are required to fit the data 
at this energy. The effect of using values of { of 0.1 or 
0.2 in calculating the curves of Fig. 2 is to smooth out 
the fluctuations and decrease the agreement between 
theory and experiment. A slightly better it at 1.55 Mev 
might be obtained by using a value of [ between 0.03 
and 0.1. Such an energy dependence of the value of ¢ 
necessary to fit the data has been suggested, and is 
indicated by several experiments.® 

It has been suggested‘ that agreement between 
measured and predicted cross sections may be improved 
by using the formula R*= (1.26A'+-0.70)X10-" cm to 
determine nuclear radii. Values of R* corresponding to 
the elements used in this experiment are listed in Table 
I. The effect of using R* instead of R is to shift the 
points in Fig. 2 to smaller radius values as well as to 
raise them slightly. The shift is greatest for the heaviest 
elements. Although a slight change in this direction 
improves the agreement with theory for Pb, Bi, and 
Th, the effect of using R* is to worsen the over-all 
agreement. 

The present results for 7(30°) at 1.00 Mev are about 


* A. M. Lane and C. F. Wandel, Phys. Rev. 98, 1524 (1955). 
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Taste I. Elements investigated and corresponding values of 
R and R* in 10™% cm. R is given by 1.45 A!X10™ cm and R* 
= (1.26 At+-0.70) X10 cm. 








Element R R* Element R R* 
Ti 5.26 §.28 Sn 7.12 6.90 
Fe a oe Sb 7.18 6.94 
Ni 5.63 5.60 Ce 7.53 7.24 
Cu 5.79 5.73 Ta 8.20 7.83 
Zn 584 5.78 Pb 8.57 8.15 
Zr 6.52 6.37 Bi 8.60 8.18 
Ag 6.90 6.70 Th 8.89 844 
Cd 7.00 6.77 








12% larger on the average than the results of Walt and 
Barschall.* Since the uncertainty in the absolute cross 
sections is about 15% in both experiments, this dif- 
ference is within the quoted errors. 

The theoretical three-dimensional plot of o(@) at 1- 
Mev neutron energy shown in reference 1 indicates a 
sharp peak in (0°) for atomic weights around 200, 
which corresponds to a value of R of about 8.5x10-" 
cm. The failure of the curves in Fig. 2 for E, = 1.00 Mev 
to show this peak may be caused by the fact that values 
of orbital angular momentum only up to and including 
5 units were considered in the present calculations. 
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Barium-chloride targets have been bombarded with deuterons accelerated by an electrostatic generator 
to energies between 3.0 and 7.5 Mev. Charged reaction products have been observed with a high-resolution 
magnetic analyzer. The following ground-state Q-values have been measured: Cl**(d,a)S*, 8.2774-0.010 
Mev; Cl?’ (d,a)S®, 7.78340.012 Mev; CP*(d,p)CP*, 6.35440.008 Mev; and Cl**(d,p)Cl**, 3.88140.008 Mev. 
Fifteen levels have been observed in S®*, four in S**, twenty-three in C}**, and six in Cl**. From the intensities 
of the observed proton groups and other considerations, a spin of J =2- can be assigned to the Cl ground 
state, and a spin of J=5~ to the lowest (isomeric) level in Cl** at 6724-5 kev. 

The Ba"*(d,p) Ba™ ground-state Q-value is 2.493+-0.010 Mev, and a level in Ba™ is observed at 62348 


kev. 


I. INTRODUCTION 


HIS work has been undertaken primarily to 
obtain accurate ground-state Q-values for the 
chlorine (dja) and (d,p) reactions. Together with other 
nuclear reaction data, chiefly beta-decay energies, 
they establish mass links between many sulfur, chlorine, 


t This work has been supported in part by the joint program 
of the Office of Naval Research and the U. S. Atomic Energy 
Commission. 

* On leave from the Stichting voor Fundamenteel Onderzoek 
der Materie, Physisch Laboratorium, Utrecht, The Netherlands. 


and argon isotopes, and S*, the heaviest nucleus 
included in Li’s mass survey.' The masses to be com- 
puted from them will be published in a separate paper, 
awaiting the measurement of the K”(p,a)A™ ground- 
state Q-value, which is now being undertaken. This 
Q-value will establish a link with the masses of several 
potassium, calcium, and scandium isotopes. 

In the course of this investigation, alpha-particle 
and proton groups have been observed corresponding 


1C. W. Li, Phys. Rev. 88, 1038 (1952). 
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Fic. 1. Proton spectrum from a BaCl, target at 5.6-Mev deuteron bombarding energy. The final 


nucleus and its excitation energy have 


to transitions to excited states in S*®, S**, Cl**, and Cl**. 
Previous work on the energy levels of these nuclei 
has been reviewed by Endt and Kluyver.’ 

As a by produc t, two proton groups were found 
which have been assigned to the Ba'**(d,p) Ba’ reaction 
Nothing is known on the level's heme of Ba’. Kinsey 
and Bartholomew? observed a great number of ‘gamma 
rays from thermal neutron capture in natura! barium, 
but they could not establish their isotopic assignment. 


Il. APPARATUS AND EXPERIMENTAL PROCEDURE 


[he deuteron beam was obtained from the MIT- 
ONR electrostatic generator. The broad-range spectro- 
graph® was used for the magnetic analysis of charged 
reaction products emitted at an angle of 90 degrees 
with the deuteron beam. 

Barium-chloride targets were prepared by evapora- 
tion onto formvar films strengthened by a thin evapo- 
rated gold layer. Both thin and relatively thick targets 
have been used, with thicknesses of about 80 and 300 
ug/cm*, respectively. The chlorine in the barium 
chloride was of natural isotopic composition; 75.4% 
Cl*, and 24.6% Cli". 

Bombardments were performed at deuteron energies 
of 3.0, 5.6, 6.0, 7.0, and 7.5 Mev and at exposures 
ranging from 500 to 3000 microcoulombs. Deuterons 
of 3.0 Mev were obtained by making use of the mass 

*P. M. Endt and J. C. Kluyver, Revs. Modern Phys. 26, 95 
1954 

*B. B. Kinsey and G 
(1953 

* Buechner, Sperduto, Brewne, and Bockelman, Phys. Rev. 81, 
1502 (1953 

* Buechner, Browne, Enge, Mazari, and Buntschuh, Phys. Rev 
95, 609 (1954). W. W. Buechner, Proceedings of the Glaseow 
Conference on Nuclear and Meson Physics (Pergamon Press. 
London, 1955 


A. Bartholomew, Can. J. Phys. 31, 1051 


been indicated for each proton group. 


four molecular beam at 6.0 Mev. For proton detection, 
after magnetic analysis, 50-micron Eastman N. T. A. 
nuclear emulsions were used covered with aluminum 
foil of sufficient thickness to stop all alpha particles 
and all deuterons, scattered elastically or inelastically, 
from the target. Uncovered plates served for alpha- 
particle detection. They were also counted for protons; 
because, although the deuteron background on these 
plates was fairly intense, it was possible to discriminate 
between protons and deuterons from the difference in 
grain density of the tracks. An advantage of the 
presence of deuteron groups scattered elastically from 
Cl and Cl? was the possibility of using them to 
determine the input deuteron energy, giving a valuable 
check on the deuteron energy computed from the field 
setting of the analyzing magnet used as an energy 
selector. 

The assignment of observed particle groups to the 
responsible isotope is of special importance. It can be 
effected in several ways. Contaminants in the target 
backing can be sorted out by comparison of the spectra 
obtained from thin and thick targets. A critical test 
of the assignment of an observed particle group to a 
particular contaminant is the computation of its 
Q-value. The Q-values of most ordinary low-mass 
contaminants, such as C®, C®, N“, O'*, Na®, and Si**, 
are now well known up to sufficiently high excitation 
energies. Also, S* was present on or in the target. The 
ground-state Q-value of the S*"(d,p)S® reaction is 
accurately known,* and the Q-values corresponding to 
transitions to S* excited states can now be computed 
from found in the present 
investigation of the Cl**(d,a)S® reaction. 


the excitation energies 


* Strait, Van Patter, Buechner, and Sperduto, Phys. Rev. $1, 
747 (1951) 














ENERGY LEVELS OF S§S?°, 

A third method for the identification of a con- 
taminant group is to observe its energy shift caused by a 
change in bombarding energy. This method was used 
to distinguish between Cl** and Cl groups. For a 
change in deuteron energy from 3.0 to 7.5 Mev, the 
relative energy shift between Cl*(d,p)Cl* and 


Cl**(d,p)Cl* proton groups is 19.7 kev. For alpha- 
particle groups from Cl**(d,a)S* and Cl*"(d,a)S®, it is 
47.0 kev. For particle groups of reasonable intensity, 
this is quite sufficient for a correct assignment. 


Ill. RESULTS 


A typical proton spectrum at E,=5.6 Mev is shown 
in Fig. 1. The number of protons, counted in 0.5-mm 
strips of the plate, is plotted as a function of the distance 
along the plate. The latter can be converted by means 
of polonium alpha calibrations into p, the radius of 
the proton orbit in the spectrograph, and is thus at a 
given field setting a measure of proton energy. The 
plate was also counted in the region from 3- to 25-cm 
plate distance, but in this region the spectrum is so 
complicated that many weaker groups are no longer 
resolved. 

Actually, three plates each 25-cm long are used 
instead of one plate of 75 cm. Small parts of the spec- 
trum on the edges of the plates cannot be counted. 
In the exposure for Fig. 1, a prominent group associated 
with the 1.312-Mev state in Cl* fell in one of these gaps 
(from 28.2 and 29.0 cm). This group was observed at 
other field settings and other deuteron energies. 

For each proton group the final nucleus and the 
excitation energy of the corresponding level have been 
indicated. All groups with a maximum intensity of 
more than 10 protons per 0.5-mm strip can be assigned 
to either Cl**(d,p)Cl* or to Cl*"(d,p)Cl**. Contaminant 
groups are very weak at E,=5.6 Mev. Two groups 
(maximum intensity=5 protons per strip) are very 
probably due to S*(d,p)S®, and other groups of the 
same or lower intensity have also been assigned to 
contaminants, because they either disappear at other 
deuteron energies or show an energy shift different from 
that expected for the chlorine groups. Contaminant 
groups from light elements, for example C", Na™, and 
Si**, are relatively more intense at Ez=3.0 Mev, while 
at Ez=7.5 Mev there appears a more or less continuous 
proton background that may well be caused by (d,p) 
reactions from contaminants of higher atomic number. 
Because of this background, it is possible that some 
lower intensity groups, particularly from Cl*’(d,p)Cl*, 
were not detected. 

The Cl*"(d,p)Cl* ground-state group, at a plate 
distance d=42.4 cm, is well resolved from the 
CF*(d,p)Cl* triplet, a few millimeters more to the left. 
At Es=7.5 Mev the separation is still larger, while at 
Es=3.0 Mev this group almost coincides with the 
right-hand triplet member, being visible only as an 
irregularity on the high-energy slope of the latter. 


S#s, Cisse, Ci**, AND Ba'*® 


Taste I. Levels in CP* and Cl. 








The CP*(d,p)C* reaction 
Q-value cr 
in Mev level 

Level +0.008 in Mev 


(0) 6.354 0 (0) 
(1) 5.564 0.790-+0.005 (1) 
(2) 5.191 1.163+-0.006 (2) 
(3) 4.754 1.600+0.007 (3) 
(4) ’ 1.952+0.007 (4) 
2.47340.007 (5) 
2.498 +0.007 (6) 
2.5232-0.007 
2.684+0.007 
2.8204-0.007 
2.872+0.007 
2.9052-0.007 
3.0044-0.007 
3.110+0.008 
3.214+0.008 
3.341+0.008 
3.4744-0.008 
3.606+0.008 
3.644+0.008 
(3.673+0.008) 
3.73240.008 
3.970+-0.008 
4.003 +-0.008 
4.043 +-0.008 


The Cl*"(d,p)CP* reaction 
-value 
Mev 
+ 0.008 


3.877 
3.205 
3.115 
2.565 
2.257 
2.219 
2.184 


Level 





0 
0.672+0.005 
0.762+0.005 
1.312+0.006 
1.620+0,007 
1.658+0.007 
1.693+0.007 


(20) 
(21) 
(22) 
(23) 








The proton group at d= 35.4 cm is broader than others 
and shows a faint doublet structure. At Eg=3.0 Mev, 
the intensity in the valley between the two peaks 
comes down to one-third of the peak height, while at 
7.5 Mev the two peaks have merged into one with the 
same width as other groups. 

The proton group at d=34.4 cm, with the same 
width as other groups at Ey=5.6 Mev, has separated 
into two incompletely resolved groups at E4=7.0 and 
7.5 Mev, while no comparison is possible with the 
bombardment at Ez4=3.0 Mev, since this region of the 
plate is blackened by deuterons scattered elastically 
from the gold target backing. No plates covered with 
aluminum foil had been exposed at Ey= 3.0 Mev. 

This discussion indicates that the assignment of 
proton groups to Cl**(d,p) or Cl*’(d,p), respectively, 
can be regarded as unambiguous, although the relative 
energy shifts between these groups are certainly not 
very large. There is only one proton group, at d= 29.8 
cm, for which the assignment is dubious. It is weak at 
Ea=7.5 Mev and is covered by elastic deuterons at 
Eg=30 Mev. 

In Table I the Q-values are given, computed for the 
Cl*(d,p)Cl* and Cl*"(d,p)Cl* reactions, and the excita- 
tion energies of the corresponding Cl** and Cl** levels 
The errors given are standard errors. To all Q-values an 
error has been assigned of 8 kev. Actually, the random 
part is dependent on the statistics of the corresponding 
proton group and on the number of times the group has 
been observed; while the estimated systematic part, 
mainly arising from uncertainties in the magnet cali- 
brations, depends on deuteron and proton energy. The 
fluctuations of the individual errors, however, are’so 
small as to warrant the assignment of a constant error. 
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At Eg=7.0 and 7.5 Mev, two proton groups appeared 
surpassing in intensity all chlorine groups. They were 
also observed by Braams’ from a BaO target at Ez=6.5 
Mev. They have been assigned to the Ba'*(d,p)Ba'™ 
reaction, which also agrees with the observed energy 
shift. The abundance of Ba™* (71.7%) in natural 
barium is roughly six times larger than that of any 
of the other six stable barium isotopes. The Q-values 
computed for these groups were 2.493+0.010 Mev and 
1.870+0.010 Mev, corresponding to transitions to the 
Ba™ ground state and to a level at 62348 kev. At 
E4=7.0 Mev and at 0= 90 degrees, the intensity of the 
excited-state group is about 1.5 times that of the 
ground-state group. The energies of eleven gamma rays 
from the capture of thermal neutrons in natural barium 
were measured by Kinsey and Bartholomew.’ Their 
strong gamma rays, J and J, with intensities of 3 and 
13 photons, respectively, per 100 captures, after 
subtraction of the deuteron binding energy of 2.23 Mev 


Tape LI. Levels in S® and S® 





The Cl (d.q)S" reaction The CP?"(¢,a)S" reaction 


Q-value ad Q-value su 
in Mev level in Mev level 
Level + 0.010 in Mev Level +0.012 in Mev 
0 8.277 0 0 7.783 0 
1 7433 0844+40.006 1 5.791 (1.992+0.010) 
2 6.311 1.966+-0.007 2 (5.435 2.34840.010) 
; $965 2.312+0.008 3 5.069 2.714+0.010 
4 5408  2.869+0.008 { 3.758) 4.025+0.010 
5 5.339 2.93840.008 
6 5.308 2.909 +0.008 
7 5.050 3.227+0.008 
8) 4912 3.365+0.008 
(9 4437 3840+0.009 
10) 4330 3.94740.009 
11 4.217 4.060+0.009 
12) 4.172 4.105+0.009 
13 4.118 4.159+0.009 
14 4053 4.224+0.009 
15) 3.528 4.74940,010 


*C. M. Braams (unpublished 


correspond to Ba"*(d,p)Ba'™ Q-values of 2.47+0.03 
and 1.87+0.03 Mev, in excellent agreement with our 
values. 

The alpha-particle spectrum at E,=3.0 Mev is 
shown in Fig. 2. The plate is blackened by elastic 
deuterons below d=24 cm. At Ey=5.6 and 7.5 Mev, 
six alpha-particle groups, not presented in Fig. 2, 
were found in this region of excitation. On the whole, 
the alpha-particle yield, averaged over all observed 
groups, decreases with increasing deuteron energy. 
At Eg=5.6 Mev, it is oaly 30% of that at E,=3.0 
Mev and at E,=7.5 Mev, only 20%. This is perhaps 
caused by the fact that the intensity of a particular 
alpha-particle group is roughly inversely proportional 
to the number of decay channels of the compound 
nucleus, which increases steeply with the excitation 
energy of the latter. The groups seen in Fig. 2 at 
d= 40.6 and 36.7 cm were so weak at higher deuteron 
energy that the energy shift could not be measured 
accurately enough to regard the isotopic assignment as 
unique. In view of the weakness of alpha-particle 
groups, especially from Cl*’(d,a)S*, it cannot be 
excluded that groups from this reaction have been 
missed. 

Only one group was assigned to a contaminant: the 
broad group at d=52.8 cm, which must be due to the 
N"(dja)C" reaction proceeding to the C"” level at 
4.43 Mev. The group at d= 59.0 cm appeared exception- 
ally broad when first counted. It proved to coincide 
with the triton group from the C(d,1)C" ground-state 
transition. At the same Hp, triton tracks are only 10% 
shorter than those of alpha-particles, but the grain 
density is much smaller. By recounting with a 20X 
microscope objective, instead of the usual 10x, it 
was possible to discriminate between alphas and tritons. 

In Table II, the Q-values are collected, computed for 
the Cl*(dja)S* and Cl*"(d,a)S* reactions, together 
with the excitation energies of the corresponding levels 
in S* and S*., 
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Tasxe III. Gamma rays from thermal! neutron capture in chlorine. 








Two-crystal Two-crystal 





Pair Scintillation scintillation scintillation 
Method: spectrometer® spectrometer? spectrometer* spectrometer? 
Energy in Intensity per Energy in Energy in Rel Energy in 
Line Mev 100 captures Mev Mev Int Mev 
A 8.56+0.03 3 
B 7.77+0.03 10 7.7 +0.2 
Cc 7.42+0.03 8 
D 6.98+0.03 1 
E 6.62+0.06 4 
F 6.12+0.03 6 6.2 +0.2 
G §.72+0.03 2 
H 5.5140.03 1 
I 5.01+0.03 4 
J 4 46+0.04 2 4.67+0.10 
K 4.06+0.04 3 
L 3.62+0.05 2 3.71+0.10 (23) 
2.68+0.10 (10) 2.84 
2.40+0.10 (14) 2.45 
2.00 +0.025 2.03+0.10 
1.59 +0.013 1.77+0.10 (19) 
1.15 +0.010 1.12+0.10 (29 1.14 
0.784+0.010 0.70+0.10 (35) 0.75 
0.48 





IV. DISCUSSION 
Cl**(d,p)Cl** and Cl*’(d,p)Cl** 


The only other data on the Cl(d,p) reactions have 
been obtained with a cyclotron beam and proton energy 
measurement by aluminum absorption. Thus, Shrader 
and Pollard,’ using enriched targets, measured Q-values 
of 6.31, 5.35, and 1.50 Mev for the Cl**(d,p)Cl* reaction 
and 4.02, 3.02, and 2.10 Mev for the Cl*7(d,p)Cl** 
reaction. Only the Q-value of the Cl**(d,p)Cl** ground- 
state transition is in reasonable agreement with our 
value. From natural chlorine targets at Eg=3.5 Mev, 
Ennis’ observed ten proton groups with Q-values of 
6.26, 3.94, 3.46, 3.03, 2.76, 2.40, 1.84, 1.18, 0.69, and 
0.44 Mev. The ground-state Q-value again agrees with 
our value. The other proton groups have spacings of 
about 0.4 Mev, corresponding to the energy resolution 
to be obtained in range measurements. It is seen in 
Table I that the actual proton spectrum is far more 
complicated, as is to be expected for odd-odd final 
nuclei. 

A better comparison of the Cl* level scheme, as 
found from the present measurements, is possible with 
the energy determinations of gamma rays from thermal 
neutron capture in chlorine."-" These are given in 
Table III. Coincidence measurements have shown 


* E. F. Shrader and E. Pollard, Phys. Rev. 59, 277 (1941). 

*W. W. Ennis, Phys. Rev. 82, 304 (1951). 

*” Kinsey, Bartholomew, and Walker, Phys. Rev. 85, 1012 
(1952); B. B. Kinsey and G. A. Bartholomew, Phys. Rev. 93, 
1260 (1954). 


" B. Hamermesh and V. Hummel, Phys. Rev. 88, 916 (1952). 

2 Reardon, Krone, and Stur 

3 T. H. Braid, Phys. Rev 

“A. L. Recksiedler and B 
(1954). 


p, Phys. Rev. 91, 334 (1953). 
90, 355 (1953 
Hamersmesh, Phys. Rev. 96, 109 


the existence of two-step cascades formed by the 
7.77- and 0.784-Mev, 7.42- and 1.15-Mev, 6.98- and 
1.59-Mev, and 6.62- and 2.00-Mev gamma rays. The 
gamma rays A through J found by Kinsey et al." can 
be explained as direct transitions from the capturing 
state to levels in Cl*, while most of the low-energy 
gamma rays observed correspond to transitions from 
various levels to the ground state. The 0.48-Mev 
gamma ray found by Braid" would fit, for example, 
approximately between levels (17) and (13), although 
there are also several other possibilities. A 0.735-Mev 
gamma ray," in coincidence with the 7.77-Mev gamma 
Cl** level scheme found in the 
present investigation. This level scheme is presented 
in Fig. 3. 

The first level in Cl** at 672 kev can be identified 
with the isomeric state found by Scharff-Goldhaber and 


ray, does not fit in the 


“38 


Taste IV. Gamma rays from thermal neutron capture in sulfur.” 


Intensity in 


photons per 





+ ray Energy in Mev 100 captures 
4 8 6440.02 1.2 
B 7.7840.03 1.6 
( 7.42+0.03 0.7 
D 7.19+0.03 (0.5) 
E 6.64+0.03 0.25 
PF 5.97+0.06 1.0) 
G §.43+0.02 @ 
H 5.03 +0.06 § 

I 4.34+0.06 11 
J 4.40.06 (5) 
K 4.38+-0.03 7 
L 3.£9+0.05 4 
Vf 3.36+0.05 7 
N 3.21+40.03 20 
0 2.94+0.05 20 
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McKeown" at 660+:20 kev with a half-life of 1.0+0.2 
sec. The shell model predicts a (ds/2,f1;2) configuration 
for the lower states of C]* with spin J=2-, 3-, 4, 
and 5~-. In K®, where the situation is analogous, these 
states have been detected, and their spins could be 
determined as J=4-, 3-, 2-, and 5, . order of in- 
creasing excitation energy.2"* The ground-state spin of 
CF is very probably J=2- as follows from the 
Ci**(8-)A™ decay? The spin of the isomeric state must 
then be J =5-, because a lower spin would result in a 
half-life much shorter than 1 second. The Weisskopf 
estimate yields 4X 10~* second for an M3 transition and 
25 seconds for E4. 

% G. Scharff-Gokdhaber and 
1954 

“HA. Enger, Phys. Rev. 94, 730 (1954); G. A. Bartholomew 
and B. B. Kinsey, Can. J. Phys. 31, 927 (1953); H. A. Enge, 
Univ. i Bergen Arbok, Naturvitenskap Rekke (1953 
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The spin assignment given above is borne out by the 
present experiment. The Cl*’(d,p)C!* transitions leading 
to the ground state and the first level should have the 
same stripping angular distribution determined by 
1,=3. The corresponding proton groups measured at 
6=90° should have the same intensity apart from a 
factor (2J;+1). These intensities should then have a 
ratio 5/11=0.45. The experimental intensity ratio at 
Ea=5.6 Mev is 0.432-0.04, in very good agreement 
with theory. It was not possible to apply the same 
method for the determination of the spin order of the 
J=3- and 4 levels expected at higher excitation 
energy, because interference from neighboring 
Cl*(d,p)Cl* proton groups excludes an accurate 
intensity comparison. The Cl** level scheme is given 
in Fig. 4. 

Cl**(d,a)S** and Cl*’(d,a)S*5 

The only earlier work on these reactions has been 
that of Shrader and Pollard.* They observed an alpha- 
particle group at E,=3.2 Mev, and, from its range, 
they determined the Q-value as 9.1 Mev. 

The levels in S®*, given in Table II, can be compared 
with those observed from the S*(d,p)S* reaction by 
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aluminum absorption methods. At E£4,=3.1 Mev, 
Smith and Pollard’? found levels at 1.05, 2.67, 3.32, 
4.33, and 5.33 Mev; while at Ez=3.2 Mev, Davison"* 
observed levels at 0.79, 1.90, 2.17, 2.85, 3.15, 3.88, 
4.15, 4.42, 4.70, 5.11, 5.63, and 6.30 Mev, all +0.05 
Mev. Proton angular distributions were measured 
by Holt and Marsham’ for transitions proceeding to 
levels at 0.85, 2.90, 3.26, 4.21, 4.89, and 5.72 Mev. 
Keeping in mind the lower energy resolution, it can be 
seen that these data agree well with those of Table II. 
The level at 4.42 Mev given by Davison was not 
observed in the present investigation. The same was 
stated explicitly by Holt and Marsham. They did 
observe the other groups given by Davison, although 
their intensity was too small for an angular distribution 
measurement. 
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17 FE. Smith and E. Pollard, Phys. Rev. 59, 942 (1941). 

i§ P. W. Davison, Phys. Rev. 75, 757 (1949). 

# J. R. Holt and T. N. Marsham, Proc. Phys. Soc. (London) 
A66, 467 (1953 
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The gamma rays found by Kinsey ef al.” from 
thermal neutron capture in natural sulfur are given in 
Table IV. Many of these gamma rays can be fitted into 
the level scheme determined from the present experi- 
ment. Gamma rays A, B, E, G, J, J, and K correspond 
to transitions from the capturing state to levels (0), 
(1), (2), (7), (9), (11), and (14), respectively. Gamma 
ray N de-excites level (7) to ground, but might also 
be partly responsible for the de-excitation of level (11) 
to (1). Gamma rays M and O probably de-excite levels 
(14) and (9), respectively, to level (1). Theyjwould 
also correspond to ground-state transitions from levels 
(8) to (5), but these levels are not excited from the 
capturing state. Gamma rays C, D, F, H, and L do not 
seem to fit into the present level scheme. At least, C 
and D probably result from capture in S® or S*. A 
unique assignment is not yet possible as the mass of 
S* is still very poorly known. 

Low-energy gamma rays of £,=0.84, 1.52, and 2.34 
Mev have been observed by Braid.” The first corre- 
sponds to the de-excitation of level (1) to ground. The 
second can be a transition from level (3) to (1), or 
from (9) to (3), or both. The third is probably the 
transition from (7) to (1), but it might also de-excite 
level (3) to ground. The S*® and S* level schemes are 
presented in Figs. 5 and 6. 
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The decay of Sc* has been reinvestigated using 


spectrometer adapted to coincidence measurements. The main transition from the Sc“ ground 
at 1.159+0.003 Mev. The probability for positron emission is 0.932+-0.015, in 
allowed transition { Pmsx= 1.471+0.005 Mev 
nts of the 1.16-Mev gamma ray and of the isomeric transition in Sc“ are 6.3+0.3X 10~* and 
F2 and FA transitions, respectively. A weak allowed decay 
1 of low-energy electrons previous 
kness of the source and the backing 
,reviously reported. Coincidence measurements showed that 


levei of Ca“ 


the theoretical v 


the first excitec 


agreement with alue of 0.928 for an 
version coemcie 
0.139+0.003, con patible with 
Ca“ at 2.544+0.03 Mev. The 


Bruner was found to depend 


continuous spectrurn 


strongly on the thi 
t 


sources the intensity was found to be 4 of that ; 


$1 


ms are not coincident with 


nore than 4 of the clectr 


fore, not emitted in the process of p ym decay 


ment between 


I. INTRODUCTION 


the isomeric pair Sc“ has been 


most thoroughly by Bruner and 


HE decay of 

investigated 
Langer.' The metastable state has a half-life of 572-2 hr 
and emits a strongly converted gamma ray of 271.3 
+0.7 kev. The ground state, with a half-life of 4.0+0.1 
hr, decays into an excited state of Ca“ at 1.16 Mev by 
emitting a positron group of 1.463+0.005 Mev maxi- 
mum energy. From the external photoelectron spectrum 
the intensity of the annihilation radiation is found to be 
TI 


pro eeding by positron emission, 


about equal to that of the 1.16-Mev gamma ray. The 
fraction 


Ns*/N,, would be about $, in crude agreement with the 


of decays 


value 4 derived by Hibdon, Pool, and Kurbatov? from 


absorption measurements. This large electron captu 


probability is, as pointed out most recently by Zweifel,’ 
in disagreement with the theoretical K-capture branch- 


» 5.3 


ing of 6.2% for an allowed positron decay (log/t 


It was decided to redetermine this branching ratio and 


to measure the conversion coefficients of the gamma 
rays. Furthermore, a search for transitions to higher 
excited states of Ca“ was undertaken. 


A 


observed by Bruner to accompany the positron decay. 


low-energy continuous negatron spectrum was 


The total number of electrons between 30 and 150 kev 
was 4% of the positron intensity. From the fact that 
ickness 


the intensity was independent of the source th 


and the spectrometer used, and after excluding a 
number of possible explanations, Bruner came to the 
conclusion that the electrons were emitted in the 


process of positron decay. Their number, however, 


greatly exceeds that predic ted by the theories of atomic 


excitation during beta decay®~’ which, on the other 
t Work supported by the U. S. Atomic Energy Commission 
1]. A. Bruner and L. M. Langer, Phys. Rev. 79, 606 (1950 
* Hibdon, Pool, and Kurbatov, Phys. Rev. 67, 289 (1945 


*P. F. Zweifel, Phys. Rev. 96, 1572 (1954 
* J. A. Bruner, Phys. Rev $4, 282 (1951) 


a Nal gamma-ray spectrometer and a magnetic-lens 


state is to 
The con- 


leads to a level in 
ly reported by J. A 


For the thinnest 


both the positrons and the gamma rays and are, there- 
It is concluded that there is no indication for a disagree- 
the experiment and the theory of atomic excitation during beta decay 


hand, have been found to be in essential agreement 
with experiments on the K and JL ionization*-" and 
the emission of low-energy electrons'*® in several 
cases of negatron emission and electron capture. For 
Sc* the formulas of Migdal* yield a total ionization 
probability of about 5° (which may be too large 
according to the L-shell results of Levinger’). Since the 
energy distribution of the emitted orbital electrons 
shows a rapid decrease for energies above the ionization 
potential, the number of electrons above 30 kev would 
be of the order of 10~* per decay or less. It seemed 
possible that, despite the precautions taken by Bruner, 
the observed electrons may have been of a secondary 
nature. His experiment was repeated and an attempt to 


determine the origin of the electrons was made by 


measuring the radiations coincident with them. 


Il. APPARATUS 


The experiments were performed with the aid of a 
lens-type spectrometer which was adapted to coinci- 
Figure 1 shows the instrument 


dence measurements. 


and the block diagram of the circuitry. 
1 angle of the spectrometer is about 


—aee. 2 
For sources of ay 4 


The effe tive soli 


2% of 4x -, and }-inch diameter the 


total widths of a conversion line 
i ae & 


annular focus being the 


at half-maximum are 
the 
source diameter. 


1 6.2% respectively, the width of 


Same 


am 


as the 
jected by obstructing 


Negatrons or positrons can be re 


200° of the azimuth at the first antiscattering baffle 
} 


and intercepting the transmitted beam of the undesired 





°s. L nberg, J. Phys. (US.S.R.) 4, 423 (1941 
jal, J. Phys. (U.S.S.R.) 4, 449 (1941 

J. S. Levinger, Phys. Rev. 90, 11 (1953 
*T. B Novey, Phys. Rev. 89, 672 (1953 
*G. Charpak, Compt. rend. 237, 243 (1953 

F. Boehm and C. S. Wu, Phys. Rev. 93, 518 (1954 

J. A. Miskel and M. L. Perlman, Phys. Rev. 94, 1683 (1954). 
*G. A. Renard, Compt. rend. 238, 1991 (1954 

*W. Rubinson and J. J. Howland, Phys. Rev. 96, 1610 (1954). 
“ F. T. Porter and H. P. Hotz, Phys. Rev. 89, 938 (1953). 
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sign after it has rotated clockwise through 90°. The 
particles of the right sign rotate counter-clockwise 
through 90° and are transmitted by the second baffle. 
This system has the disadvantage of reducing the solid 
angle by 5/9, but it is easier to construct and may give 
rise to less scattering than the helicoidal type of 
baffles. Since the “+ baffles” destroy the azimuthal 
symmetry of the instrument an error in the mean energy 
of the transmitted electrons may be introduced by a 
nonsymmetric distribution of the active source material. 
The azimuthal symmetry is restored, therefore, by 
rotating the source at a speed of about 10 rpm. 

The coil current is provided by a selenium rectifier 
capable of furnishing 10 amp at 1000 v. It is regulated 
electronically with a circuit similar to that given by 
Elmore and Sands,'* with a bank of forty 6AS7 tubes in 
series with the coils. This system has proved to be 
trouble free in its five years of operation. Short-period 
fluctuations are less than 0.05%, slow drifts less than 
0.1% per hour even at full load. With 7.5 kw dissipated 
in the coils electrons of 3.7 Mev can be focused if the 
coil separation is as shown in Fig. 1. For the same 
source-detector distance, 30 inches, the energy range 
can be extended to about 5.7 Mev, with some loss in 
resolution and solid angle, by pushing the coils together. 

The transmitted particles are detected with an 
anthracene crystal of }-inch thickness, the radiations 
coincident with them either with an anthracene or a 
Nal scintillator. The magnetic fields produced by the 
spectrometer coils at the photomultipliers are com- 
pensated with the aid of solenoids connected in series 
with the spectrometer. The variation of the response of 


1° W. C. Elmore and M. Sands, Electronics, Experimental Tech- 
sigues (McGraw-Hill Book Company, Inc., New York, 1949), p. 392. 








the source-end multiplier, with a 12-inch light piper, 
is less than 4% for spectrometer energies up to 2 Mev. 

The coincidence circuitry is of the usual fast-slow 
type. In the fast channels, 25-Mc/sec amplifiers de- 
signed by Elmore’? and similar preamplifiers with a 
gain of ten are used. The pulses are diode-limited at the 
plate of the fourth stage of the main amplifier and delay- 
line clipped at the plate of the fifth stage. The shaped 
output pulses are about 12 volts in amplitude with a 
length of 50 myusec at the base. The fast coincidence 
circuit of the Garwin'® type is followed by an amplifier 
and a discriminator which permits an adjustment of the 
resolving time between 20 and 50 mysec. Two slow 
systems are used. (a) Slow coincidences are made 
between the outputs of single-channel analyzers in 
both channels and are then mixed with the fast coinci- 
dences. (b) Coincidences between the analyzed pulse 
coming from the spectrometer detector and the fast 
coincidences are used to gate a 20-channel analyzer 
(Model 520, Atomic Instrument Company), giving thus 
the pulse-height distribution in the crystal behind the 
source due to radiation coincident with the electrons 
focussed in the spectrometer. 


Ill. PREPARATION OF SOURCES 


Sc“ was produced by the reaction K“(a,n)Sc“, bom- 
bardirg metallic potassium with the circulating 19-Mev 
alpha beam of the cyclotron. Since potassium melts at 
60°, eftiicnt cooling had to be provided. The target 
holder was a copper block through which about nine 
gallons of water per minute were passed. The potassium 

 W. C. Elmore and R. Hofstadter, Phys. Rev. 75, 203 (1949). 


We are indebted to Dr. Hofstadter for the diagram of the amplifier. 
“RR. L. Garwin, Rev. Sci. Instr. 21, 569 (1950). 
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was cut to a thickness of about 4 mm and wedged into 
a dove tailed groove milled in the copper block. Beam 
currents of 15 wa were tolerable and bombardments of 
100 ya-hr were sufficient for spectrometer sources. 

Carrier-free scandium was separated from the po- 
tassium by dissolving the sample in ethyl alcohol, 
evaporating to dryness, then dissolving the residue in 
0.1N HCl, adding FeCl, and scavenging Sc(OH),; with 
Fe(OH). The precipitate was dissolved in 6N HC! and 
the iron removed by an ether extraction. Two types of 
sources were used in the spectrometer measurements. 
The most uniform and thinnest sources were obtained 
by depositing the acid phase which contains the Sc“ 
onto a tantalum strip and evaporating it to dryness. 
The tantalum was then heated in a vacuum and the 
active material deposited onto a 0.0001-inch Al foil 
(0.7 mg/cm?) placed at a distance of about } inch. The 
foil was masked so that the active material would be 
confined to a }-inch disk. Considerable difficulty was 
experienced with this method of source preparation 
since the scandium apparently tended to alloy with the 
tantalum 

Sources on thinner backings were prepared by 
evaporating the acid to dryness, dissolving the dry 
residue in water, to which some insulin had been added 
as a wetting agent, and depositing the solution on a 
60-ug/cm? formvar film. These sources were fairly 
uniform as judged from the autoradiographs and showed 
no crystal! clumps larger than 1u under the microscope. 
To prevent charging effects the sources were covered 
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Fic. 2. Pulse-height distribution from Sc“ in Nal 
gamma-ray spectrometer 


BLUE AN 


DE. BLEULER 

with a 10-ug/cm? nylon film and a semiopaque layer of 
aluminum was evaporated thereon. A small grounded 
copper sheet at the edge of the source holder was held 
in contact with the aluminized layer. 


IV. DECAY SCHEME 
(1) Positron Spectrum 


The allowed Fermi plot of the positrons is straight 
from 200 kev to the endpoint, which was determined to 
be at 1.471+0.005 Mev, in reasonable agreement with 
the value of 1.463+0.005 given by Bruner and Langer.' 
(All errors given in this paper are standard errors.) No 
evidence of higher-energy positrons was found. 


(2) Gamma-Ray Spectrum 


The pulse-height distribution from a Nal spectrom- 
eter, measured with the twenty-channel analyzer, is 
shown in Fig. 2. In addition to the 271-kev transition 
from the 57-hr isomer, the annihilation radiation, and 
the known 1.16-Mev gamma ray which follows the 
positron decay (addition peak at 1.67 Mev), a weak 
line at 2.54+0.03 Mev is observed. The sum peak of 
Co™, at 2.50 Mev, is used for the calibration of the 
spectrometer in this energy region. The ratio of the 
2.54-Mev and the 1.16-Mev peaks is the same for the 
4-hr and the 57-hr components, which shows that the 
2.54-Mev radiation is emitted from the ground state. 
The intensity ratio of the two gamma rays was calcu- 
lated using the absorption coefficients of NaI given by 
Bell, Davis, Hughes, and Jordan'® and the photopeak 
efficiency curve given by Bell, Heath, and Davis,” 
extended to higher energies with the aid of Na*. The 
intensity of the 2.54-Mev gamma ray is 0.12+0.02% of 
the main transition. No positive evidence for the 
transition from the 2.54-Mev to the 1.16-Mev level is 
found in either the gamma-ray spectrum itself or the 
spectrum of the radiation which is coincident with the 
1.16-Mev gamma ray (see Fig. 2). An upper limit of 
0.5% is set for the intensity of this transition. 


(3) Positron Branching Ratio 


An” approximate value for the positron branching 
ratio was obtained by comparing the relative intensities 
of the annihilation radiation and of the nuclear gamma 
ray for Sc# and for Na®™ with the aid of the Nal spec- 
trometer. For Na™, the ratio Vs+/N, is known to be 
0.901+0.005." The result for Sc“, obtained from the 
comparison of the photo peaks, was Ns+/N,=0.90 
+0.04. While this work was in progress, Langevin and 
Marty” determined the branching ratio by the same 


* Bell, Davis, Hughes, and Jordan, Oak Ridge Nationa! Labora- 
tery Report ORNL-1415, 8, September 20, 1952 (unpublished). 
* Bell, Heath, and Davis, Oak Ridge National Laboratory 
Report ORNL-1415, 10, September 20, 1952 (unpublished). 
R. Sherr and R. H. Miller, Phys. Rev. 93, 1076 (1954). 
® H. Langevin and N. Marty, J. phys. radium 15, 127 (1954). 
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method, with the results: Vs+/N,=1.0+0.1 from the 
photo peaks, 0.95+0.15 from the total pulse-height 
distributions. The obvious difficulties of the method are 
in the proper analysis of the pulse-height distributions 
and in the uncertainty concerning the difference in the 
Nal response for the 1.16-Mev gamma ray of Sc“ and 
the 1.28-Mev gamma ray of Na”. 

These difficulties are avoided if the probability of a 
positron being coincident with the nuclear gamma ray 
is determined directly by measuring coincidences be- 
tween the positrons focused in the magnetic spec- 
trometer and the 1.16-Mev photo peak from the Nal 
crystal behind the source. The single counting rate in 
the gamma-ray channel is n,= NV ,e,, with e, the gamma- 
ray efficiency and NV, the rate of decay to the 1.16-Mev 
level of Ca“. The counting rate in the spectrometer 
detector, for a current setting J, is given by mg* 
= Ng*CI f(I), where C is a spectrometer constant and 
{(I) is proportional to the momentum distribution of 
the positrons, normalized to 


Tmax 
f f(Ddl=1. 
0 


If there is no angular correlation between the positrons 
and the gamma rays the coincidence counting rate is 
Ng*, y= Ngte,, and one obtains 


Troms nNg*, 7 aI Ns* 
fo a= 
, ‘Din ce 


The spectrometer constant C was determined with the 
aid of Na® and Au™’. The isotropy of the 8—-+y angular 
distribution has been checked experimentally for Au,* 
and is expected theoretically for Na* because the 
positron transition is allowed. In the case of Au’, 
coincidences between the 1.09-Mev beta spectrum and 
the photopeak of the 411-kev gamma ray were meas- 
ured. An amount of 3.4+1% was subtracted from n, 
in order to account for the Compton background of the 
weak higher-energy gamma rays and for that part 
(1.4%) of the 411-kev gamma ray that is not in 
coincidence with the main beta group.™ The integration 
of the coincidence spectrum was performed by extrapo- 
lating the measured spectrum to low energies (where 
the counting rates are low and where, in the case of 
Au", the soft partial spectrum interferes) with the aid 
of Fermi plots, using Coulomb functions with a screen- 
ing correction.** The results for the spectrometer con- 
stant, C=(2.44+0.02)X10~ (Na™), and C=(2.46 
+0.03)X10~* (Au'®), are in very good mutual agree- 
ment. 

The branching ratio of Sc“ obtained with this value 





™S. L. Ridgway, Phys. Rev. 78, 821 (1950). 

™ P. E. Cavanagh, Phys. Rev. 82, 791 (1951). 

% Tables for the Analysis of Beta Spectra, National Bureau of 
Standards Appl. Math. Series 13, June 2, 1952. 
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of the spectrometer constant is Ns+/N ,=0.932+-0.015, 
consistent with the calculated value of 0.928. 


(4) Conversion Coefficients 


The knowledge of the positron branching permits the 
determination of the conversion coefficients of the 
gamma rays by direct comparison of the intensities of 
the conversion lines and of the positron spectrum. From 
the conversion line, the energy of the first excited state 
of Ca“ was found to be 1.159+0.003 Mev. The total 
conversion coefficient of the gamma ray is (6.3+0.3) 
10-5, indicating an £2 transition since the calculated 
K-conversion coefficients are** 6.210-* for an £2, 
4.9 10~-* for an M1 transition. 

The total conversion coefficient of the 271-kev 
isomeric transition was found to be 0.139+0.003, From 
the tables of Rose, Goertzel, and Swift,?” one obtains 
coefficients for conversion in the K, Ly, and Ly shells 
of 0.129, 0.010, and 0.0008 for E4, 0.119, 0.010, and 
0.0005 for M4 radiation. The Lin coefficients have not 
yet been calculated accurately, but they are probably 
small. (For the magnetic case, the Ly1/Z, curves of 
Tralli and Lowen* give a value of 0.001.) If one neglects 
Ly and M conversion, the total theoretical conversion 
coefficients are 0.140 for an electric, 0.130 for a mag- 
netic transition. The experimental value seems to 
indicate an £4 transition, in agreement with the shell- 
model expectation.” 


(5) Discussion 


The decay scheme is shown in Fig. 3. The transition 
to the 2+ state of Ca“ at 1.16-Mev is allowed; from the 
absence of the ground-state transition, the Sc“ ground 
state is assigned 2+ or 3+. The ft value of the electron 
capture to the 2.54-Mev state is between 2 10° and 10°. 
It could, then, conceivably be a first forbidden transi- 
tion with AJ=0. From a 2~ or 3~ state, however, one 
would expect a strong electric dipole transition of 
1.38 Mev to the 1.16-Mev level, which is not observed. 
It is reasonable to assume that the 2.54-Mev level is 


Wht oo —j— 027 








2° 
Fic. 3. Decay scheme 147 
of Sc“ (energies in Mev). (1.38,<05 93% 
2° 
L16,E2 2.54, O12% 


* Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 
79 (1951). 


we Thane ede ee rea caataes tables). 
* N. Tralli and L. S. Lowen, a oe 1541 (1949). 
© M. Goldhaber and RD. Hill, Revs. ys. 24, 179 


(1952). 
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Fic. 4. Low-energy electron spectrum of a Sc“ source deposited 
from an aqueous solution on a 60-yg/cm? formvar film 


reached by an allowed transition and that its spin is 1* 
or, preferably, 2+. Higher spin values are improbable 
because of the low intensity of the 1.38-Mev radiation. 

The level at 2.54-Mev is probably identical with that 
observed by Schiffer” at 2.58+0.05 Mev in the (a,p) 
reaction with K“. The spectrum of the radiations of Sc* 
gives no indications for transitions to any of the other 
levels in Ca“ above that at 1.16 Mev. 


V. LOW-ENERGY ELECTRONS 
(1) Energy Distribution and Intensity 


Figure 4 shows the electron spectrum obtained in the 
lens spectrometer from a thin ScCl,; source deposited on 
a 60-ug/cm* formvar film. The total intensity between 
30 and 150 kev is 1.3+0.1% of the positron intensity, 
smaller by a factor of three than the value reported by 
Bruner.‘ This difference immediately excludes the possi- 
bility that the electrons which he observed are emitted 
in the process of positron decay. 


(2) Influence of Source Backing 


In an attempt to explain the difference between the 
two measurements the influence of source preparation 
and backing thickness on the electron spectrum was 
investigated. For convenience, a Na™ source was sub- 
stituted. The decay schemes of the two nuclides are 
quite similar except for the occurrence of the isomeric 
transition in Sc“. The latter, however, does not seem 
to be responsible for most of the low-energy electrons 
since their intensity was observed to follow closely the 
ground-state decay. Nevertheless, the minimum number 
of electrons (i.e., for thinnest source and thinnest 
backing) was found to be two to three times higher for 
Sc“ than for Na®. No explanation has been found for 
this difference except for the possibility that even the 
vacuum evaporated ScCl, sources were considerably 





© J. P. Schiffer, Phys. Rev. 97, 428 (1955). 
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Fic. 5. Influence of source preparation and backing on the 
low-energy electron spectrum of Na®. 


thicker than the NaCl sources. The results for Na™ are 
shown in Fig. 5. The two broken curves show the con- 
siderable influence of the source thickness (or inhomo- 
geneity) in the case of the source prepared by deposition 
from an aqueous solution. The influence of the backing 
thickness—full curves—seems to be important only at 
thicknesses exceeding those commonly employed. 


(3) Coincidence Measurements 


The origin of the electrons was investigated by 
measuring the fraction coincident with either the full- 
energy gamma-ray peak in a Nal scintillator or with 
the upper end (£3*>0.9 Mev) of the positron spectrum 
detected in an anthracene crystal placed about one 
inch behind the source. For the evaluation of these 
measurements it is assumed that there is no angular 
correlation between the radiations involved. 

Let n, be the counting rate of low-energy electrons in 
the spectrometer, ¢, the probability that a 1.16-Mev 
gamma ray gives rise to a full-energy pulse in the NaI 
crystal, and f, the fraction of electrons that are coinci- 
dent with the gamma ray. Then coincidences are 
counted at a rate n,.,=n,f,¢,. Therefore, 


fy=Ney/ ety 


and, similarly, the fraction of electrons coincident with 
positrons is 


fat =, 3°, ‘Ne€*. 


The counting efficiencies ¢€, and ¢* are calculated from 
the counting rates in the scintillation counters and the 
source strength which is obtained from the positron 
intensity in the spectrometer and the known spec- 
trometer constant. 

In principle, these measurements should be performed 
for various electron energies. Because of the prohibi- 
tively long counting times involved the spectrometer 
was set to focus electrons of only one energy, 77 kev, 
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close to the center of gravity of the electron distribution. 

Both e,y and e,8* coincidences were measured for 
two different thin Sc“ sources, with compatible results. 
The average ‘coincidence fractions are f,=40+9%, 
fa*=84+12%. This means that 60% of the electrons, 
not being in coincidence with the full-energy gamma 
rays, must”have been’ produced by the gamma ray, 
presumably by Compton effect in the neighborhood of 
the source or in the baffle system. 93% of these, or a 
fraction of 56% of the total number, would be preceded 
by positron emission and thus be in coincidence with 
the positrons. This leaves 84—56=28+15% of the 
electrons coincident with both the positrons and the 
gamma ray, as they should be if emitted in the process 
of positron decay. Even this fraction of the electrons, 
however, could be produced by inelastic scattering of 
the positrons such that the positrons still have an 
energy in excess of 0.9-Mev and can be recorded in 
the crystal. 
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(4) Summary 

The number of low-energy electrons between 30 kev 
and 150 kev which might be attributed to atomic 
excitation during the"positron decay*of Sc“ has been 
reduced from 4% to about 0.4%, (1.39% 0.28). At these 
low intensities the techniques employed here are un- 
reliable and there is, thus, no evidence for an electron 
intensity higher than predicted by the theory. 
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Isomeric states in Y® (913 kev), Ba’ (661 kev), and Hg™ (527 kev) have been excited by inelastic 
scattering of monoenergetic neutrons. The shape of the excitation curves agrees rather well with the pre- 
diction of the strong interaction theory, but the theoretical cross sections are, at least in the cases with 
simple decay schemes, considerably larger than the experimental ones. 


INTRODUCTION 


NE of the many different ways of studying the 

inelastic scattering of neutrons is through the 
measurement of the excitation of metastable states of 
nuclei. The cross section for the production of a meta- 
stable state by inelastic neutron scattering depends 
strongly on the angular momentum difference between 
this state and the ground state and depends to some 
extent on the relative parity of these two states. In 
addition, the cross section depends on the presence of 
other excited states. 

If spin and parity of the metastable state are known 
from other studies, especially from measurements of 
the internal conversion of the gamma-ray transition, 
an investigation of the absolute cross section for ex- 
citation with monochromatic neutrons represents a test 
of the available nuclear models as applied to reaction 
theory. 

If, on the other hand, a theory exists which suc- 
cessfully explains experiments of this kind, the study 
of the energy dependence and of the absolute value of 


* Supported by the U. S. Atomic Energy Commission. 


the cross section will enable one to assign spin values 
to the metastable states and to other levels affecting 
the excitation of the metastable state by their com- 
petition. Breaks in the excitation curve indicate levels 
above the metastable state, and the sign of the change 
of slope at these breaks indicates whether the de- 
excitation of these levels proceeds through the meta- 
stable state or whether it bypasses this level. 

As long as one is interested in a test of theoretical 
predictions, one would like as simple a level scheme as 
possible. The metastable state should preferably be 
the first excited state. This would eliminate all of the 
uncertainties stemming from the competition of other 
levels, the properties of which are often not very well 
known. 

Previous investigations on Cd", In"*, and Au’? !-* 
involved relatively complicated level schemes. Margolis‘ 
compared the predictions of the strong-interaction 
theory® with these experimental data and, in view of 

' Francis, McCue, and Goodman, Phys. Rev. 89, 1232 (1953). 

2A. A. Ebel and Clark Goodman, Phys. Rev. 93, 197 (1954). 

* Martin, Diven, and Taschek, Phys. Rev. 93, 199 (1954). 


‘B. Margolis, Phys. Rev. 93, 204 (1 954). 
* W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952). 








1330 a 


the preliminary character of the data and of the un- 
certainties of the level schemes, considered the agree- 
ment satisfactory. Recently Stelson and Campbell‘ 
studied the 0.8-sec isomeric level in Pb” and found 
good agreement between experiment and theory using 
a radius of 8X10~" cm and assuming reasonable spins 
and parities for the four levels involved in this case. 
After first experiments with Hg’, which clearly 
demonstrated to us the ambiguity created by many 
additional levels with uncertain properties, we decided 
to investigate the isomeric states in Y® and Ba"™’, 
which fulfill the requirement of a very simple decay 
scheme. It should, however, be pointed out that both 
isotopes have properties which might reduce their value 
for an effective test of the theory. In the case of Y™ 
the ground state is magic (V=50), whereas for Ba™’ 
the compound nucleus is magic (V=82). In spite of 
this, however, a comparison with Pb®’ should be useful, 
because in this case the compound nucleus is the doubly 
magic Pb**. 


EXPERIMENTAL METHOD 
A. Neutron Source 


Monoenergetic neutrons were produced by bom- 
barding thin lithium targets with protons accelerated in 
the Bartol-ONR electrostatic.generator. This generator 
was built at Bartol and produces an analyzed beam of 
several microamperes with energies up to 5 Mev. A 
radio-frequency ion source described previously in the 
literature’ is A 90 
magnet serves both as the analyzer and as the energy 
stabilizer, the field of the magnet being determined by 


used as the source of protons 


a proton magnetic moment resonance magnetometer. 
Slits at the object and image points of the magnet 


define the resolution, and error signals are taken from 


rT, ey 
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Fic. 1. Target chamber for cooled lithium targets 


* P. H. Stelson and E. C. Campbell, Phys. Rev. 97, 122 
*C. P. Swann and J. F. Swingle, Rev. Sci. Instr. 23, 636 
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the exit slits to control a corona load on the central 
electrode of the generator, thus stabilizing the generator 
voltage. The energy resolution throughout these ex- 
periments was about 0.1%, although appreciably better 
resolution can be obtained. 

Energy measurements were based on the Li(p,m) 
threshold calibration which was taken as 1.882 Mev.® 
The threshold as determined over periods of weeks did 
not vary by more than 0.1%. 

In the early stages of this work, the lithium targets 
were prepared in an auxiliary evaporating system and 
then exposed to air prior to insertion in the generator 
system. A rotating target scheme was used to prevent 
deterioration of the target while under bombardment. 

The target thickness was determined by measuring 
the geometrical peak at the (p,m) threshold. A com- 
parison of the yield of Au'*™ with the absolute measure- 
ments of the Los Alamos group’ indicated that the 
neutron yield from our lithium targets was one-third 
to one-fourth of the yield expected for a pure lithium 
target. 

Consequently, in the later stages of the work, targets 
were prepared directly in the generator system. The 
arrangement for doing this and also for cooling the 
targets is shown in Fig. 1. The cooling is accomplished 
by inserting the copper rod into either a dry ice— 
acetone mixture or into liquid air. With this cooling 
no apparent deterioration of the targets took place 
under several microampere-hours of bombardment. The 
targets are evaporated at the level of the furnace to 
prevent contamination of the beam chamber. Target 
thicknesses of 30 to 50 kev were used in the course of 
this work. Neutrons emitted at angles up to 30 degrees 
with the forward direction were intercepted by the 
scatterers. The total neutron energy spread due to 
target thickness and finite acceptance angle varied from 
~0) kev at 0.5-Mev neutron energy to ~90 kev at 
1.5-Mev neutron energy. Monitoring was accomplished 
with a neutron “long counter’® positioned at the 
forward direction. 


B. Neutron Yield Calibration 


In order not to depend on the intercomparison via 
Au™, we proceeded to determine the neutron yield 
by measuring the Be’ activity induced in the lithium 
target, assuming 11.0+0.6%" of the Be’ disintegra- 
tions to be accompanied by a 478-kev gamma ray. 
The absolute counting of this gamma ray was done 
with a calibrated sodium iodide crystal (see Sec. C). 
As Be’ decays with a half-life of 52.940.2 days," the 
induced activity was followed for several days. This, 
together with the pulse-height selection, excluded any 
other activity. 

* Herb, Snowdon, and Sala, Phys. Rev. 75, 246 (1949). 

* A. O. Hanson and J. L. McKibben, Phys. Rev. 72, 673 (1947) 

#” J. M. Dickson and T. C. Randle, Proc. Phys. Soc. (London) 
A64, 902 (1951 

“ E. Segré and C. Wiegand, Phys. Rev. 75, 39 (1949) 














The calibration of the monitor counts in terms of 
total neutron yield was carried out at 1.2-Mev mean 
neutron energy. A fresh lithium target was bombarded 
with 3-Mev protons, corresponding to 1.2-Mev mean 
neutron energy, for about 2 microampere-hours. The 
total number of monitor counts was recorded for this 
bombardment, the monitor being kept in the same 
position in which it was used during the Y, Ba, and 
Hg irradiations. The subsequent determination of the 
absolute Be’ activity enables one then to express 
monitor counts in terms of total neutron yield. In order 
to calculate the number of neutrons actually striking 
the scatterers under study, it is necessary to know the 
angular distribution of the Li(p,») neutrons. At 1.2- 
Mev neutron energy we measured this distribution and 
found its shape to agree with that expected from an 
extrapolation of the coefficients determined by Taschek 
and Hemmendinger® at lower neutron energies. 

Near the thresholds for the excitation of the meta- 
stable states the second neutron group present in the 
Li(p,m) reaction does not contribute to the production 
of the isomers but is detected in the monitor. Conse- 
quently, a 10% correction was applied to the mon- 
itor readings. 


C. Calibration of Gamma-Ray Detector 


For the determination of the absolute Be’ activity, 
as well as of the Y®" and Ba” activities, gamma-ray 
sources of known strengths and covering the energy 
range from 0.4 to 1.3 Mev were necessary. For this 
purpose sources of Tl*” (0.439 Mev), Na™ (0.511 Mev 
and 1.28 Mev) and Co** (0.81 Mev) were calibrated by 
standard x~y and y-y coincidence techniques. With 
the scintillation spectrometer adjusted for each line 
to bring the photopeak to 30 volts pulse height, the 
counting rate per disintegration per minute in a 
28.5+3 volt channel was determined for the Be’ 
geometry. The resulting curve of counts per disinte- 
gration versus gamma-ray energy was then used to 
determine the absolute source strengths of Cs"? and 
Y® sources and, of course, the absolute Be’ activity. 

The Cs" y ray is identical with the isomeric transi- 
tion in Ba”’, and one of the Y* gamma rays agrees to 
within 10 kev with the gamma ray from Y®. Therefore, 
the detection efficiency for the two isomeric transitions 
in the special geometries used could be measured using 
the calibrated sources of Cs’ and Y®. 

The ultimate error in the absolute value of the Be’ 
activity as well as of the Y®" and Ba” activities is 
estimated to be less than 10%. In the case of Hg™, 
where the 159-kev transition was used, the special 
counting geometry was studied with a source of Au™, 
the strength of which was based on the calculated 
absorption coefficient of the sodium iodide crystal. The 

RR. F. Taschek and A. Hemmendinger, Phys. Rev. 74, 373 
Experimental Nuclear Physics, edited by E. Segré (John Wiley 
and Sons, Inc., New York, 1953), Vol. 2, p. 380. 
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uncertainty in the over-all detection efficiency in this 
case is estimated at 30%, i.e., it is still smaller than the 
uncertainty in the number of metastable states stem- 
ming from the errors in the measurements of the con- 
version coefficient of the 159-kev transition.” 


MEASUREMENTS, RESULTS, AND DISCUSSIONS 
A, yee= 


A half-life of 1422 sec has been reported" for the 
913-kev M4 transition which leads from the 9/2+ 
metastable state to the 1/2— ground state of Y®. For 
the analysis of our data, a more accurate value for 7, 
was needed. We, therefore, redetermined it and found 
T,=16.140.3 sec. 

For the measurement of the (n,n’) excitation curve 
a sample of Y,O, pressed into a thin aluminum con- 
tainer of 1} inches diameter and } inch thickness was 
used. Each run consisted of a 70-second bombardment, 
14 seconds for the transfer of the sample to the scintil- 
lation spectrometer, and 70 seconds of gamma counting. 
The excitation curve obtained in this way is given in 
Fig. 2. The uncertainty in the absolute cross sections is 
estimated at 20%. Since Y® is the only stable yttrium 
isotope, the metastable state cannot be produced by 
neutron capture. No activity is therefore observed below 
the threshold for direct excitation, i.e., below 910 kev. 
At the threshold, however, the production of Y®™ sets 
in immediately, i.e., direct excitation of the metastable 
level takes place. The sharp break at 1.2 Mev indicates 
a level which, at least partially, decays to the meta- 
stable state. The 1.53-Mev level, known from the 
disintegration of Zr™™,'* manifests itself by a slightly 
negative slope of the excitation curve. This is in accord 
with the observation of the 1.53-Mev gamma ray"* 
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Fic. 2. Cross section for the production of the 913-kev meta- 
stable level of Y® as a function of the mean neutron energy 
Arrow indicates threshold expected for direct excitation. Sta- 
tistical errors ~5%. 
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hy1/2 isomeric level to the d3/z ground state. The 661-kev 
state is the only excited state of Ba’ involved in the 
disintegration of Cs’. From the known spin of Cs¥? 
and from the selection rules for beta decay as well as 
from the absence of a gamma-ray cascade competing 
with the 661-kev transition, one can conclude that there 
exists no level with spin > 3/2 between the ground state 
of Ba”? and the metastable level at 661 kev. The only 
possibilities not excluded by the disintegration scheme 
of Cs”? are levels with spin 1/2— and 1/2+. However, 
such levels would not affect the behavior of the cross sec- 
tion, because for any level in the compound nucleus 
which would feed the 11/2 metastable state, the branch- 
ground state would be much larger 
than the branching to a 1/2+ state. 

Disks of Ba metal, 1? inch in diameter and } inch 
thick, were used for the measurement of the (n,n’) 
excitation curve. Each run consisted of a 10-minute 
bombardment, 20 seconds for the transfer of the sample 


ing to the 3/2+ 
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experimental solid curve) with the 


ross sections assuming different spin assignments for 


section 


cross section 


metastable level 


to the scintillation spectrometer, and 5 minutes of 
gamma-ray counting. Figure 4 shows the excitation 
curve obtained in this manner. The sharp rise of the 
excitation curve at ~660 kev mean neutron energy 
indicates direct excitation of the metastable state. The 
residual counting rate below the (n,n’) threshold is 
attributed to fast neutron capture in Ba™* (7.81% 
abundant 

The breaks in the excitation curve indicate the 
presence of excited states decaying to the metastable 
state. The energies of these levels are 1.05, 1.78, and 
2.38 Mev. The abrupt flattening out beginning at 2.25 


which, however, decays principally to the ground state. 

Using a radius of 8X10~" cm, we calculated on the 
basis of the strong-interaction theory® the excitation 
curves assuming different values of spin and parity for 
the metastable level. The results are shown in Fig. 5, 


* L. Davis, Jr., Phys. Rev. 76, 435 (1949 ) 





PRODUCTION OF 


together with the experimental curve. The theoretical 
curves for spins 9/2+ and 11/24 have the correct 
shape, but give too large a cross section. The assign- 
ment 13/2+ gives the closest agreement with the 
experimental results. Figure 6 shows that with a radius 
of 5.3X10-" cm and with the correct spin and parity, 
a good fit to the experimental points is obtained. 
Although our original choice of 8X10-" cm might be 
considered somewhat large, the value of 5.3X10~-" cm 
is certainly smaller than one might expect" in this 
region of the periodic table. 


¢. Hg!**™ 


The p12 ground of Hg™ and the i;3;2 metastable level 
at 527 kev differ by 6 units of angular momentum. The 
44-min*' isomeric level does not decay directly to the 
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MEAN NEUTRON ENERGY - KEV 
Fic. 6. Comparison of the experimental cross section (solid 
curve) for direct excitation of Ba’ with the predictions of the 


strong-interaction theory for different radii and for the known 
spin of the metastable state (11/2—). 


ground state, but is deexcited by a 368-kev M4 transi- 
tion in cascade with a 159-kev £2 transition. 

The scatterer consisted of liquid mercury contained 
in a thin-walled steel cylinder with 3 inches diameter 
and ;; inch length. The bombarding times ranged from 
30 minutes at the low energies to 5 minutes at the high 
energies. After the bombardment the mercury was 
poured into a plastic container surrounding the sodium 
iodide crystal, and counting commenced 1 minute after 
the end of the bombardment and lasted for 10 minutes. 
In Fig. 7 is shown the excitation curve. Direct excitation 
of the metastable level does not occur with a cross 
section greater than ~2 millibarns; the fast-neutron 
capture in Hg"* tends to conceal any small direct 
excitation. 

The first definite break in the excitation curve occurs 

tN. Hole, Arkiv. Mat. Astron. Fysik 34B, No. 19 (1947). 


Ytees, 


Batt?=, AND Hg!??= 1333 
at 610-kev neutron energy. By using the level scheme 
of Hg" proposed by Bergstrém and co-workers” and 
assuming a radius of 8X10-" cm, a good fit could be 
obtained for the region from 610 to 980 kev, if the 
610-kev level was assigned spin 9/2, even parity. The 
complexity of the level scheme and the uncertainty of 
some of the spin assignments makes this fit appear 
somewhat fortuitous. In addition to the 610-kev level, 
other excited states feeding the metastable level are 


indicated at 980, 1280, and 1840 kev. 


CONCLUSION 


In conclusion, it appears that, while the radius giving 
the best fit for Y®™ is, in view of the general fluctuation 
in the radii, reasonably close to the expected value,” 
the radius necessary in the case of Ba” js definitely 
low. One might use the magic character of the compound 
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Lo Ls 
MEAN NEUTRON ENERGY - MEV 
Fic. 7. Cross section for the production of the 527-kev meta- 
stable level of Hg™ as a function of the mean neutron energy. 
Arrow indicates threshold expected for direct excitation. Sta- 
tistical errors ~5%. 


nucleus Ba™* as an excuse for this deviation; however, 
this argument is weakened by the good fit obtained by 
Stelson and Campbell® for Pb®™, in which case the 
compound nucleus is even doubly magic. Unless the 
good fit for Pb’ is due to the complex level structure 
and must be considered fortuitous, the disagreement 
in the case of Ba”™ might indicate that the fit obtained 
with the strong interaction theory® is poor in some 
regions of the periodic table while it is satisfactory in 
others. One certainly has to be very cautious in trying 
to use excitation curves of metastable states for the 
determination of unknown spins. 
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A new neutron-deficient nuclide, T] 


}#5 has been produced by 20-Mev deuteron bombardment of Hg™*, and 


its identity and its half-life (1.2+0.1 hours) have been established by timed chemical separations of the Hg™* 


daughter. The assignment and half-life 
separations 
scintillation spectrograph and a 180° beta-ray 
associated with T!** reveals an electron 


ratio of electron captures to isomeric transitior 


INTRODUCTION 


ECENT measurements of the yields of thallium, 

lead, bismuth, and polonium spallation products 
from bombardment of bismuth with 375- and 450-Mev 
protons’ and of thallium and lead from bombardment of 
bismuth with 2.2-Bev protons’ suggest that a significant 
fraction of the total spallation yields are made up of 
isotopes of these elements not yet known or identified 


In the case of the thallium isotopes of masses 202 down 
to 198, a series for which measurements are reported in 
both investigations, the yields tended to increase with 
decreasing mass number, with indications that the yield 
198, the lightest 


The next two lighter 


trend had not reached maximum at 
isotope of this series then known 
isotopes, Tl'” and Tl', have recently been reported by 
other investigators 

T1'*, and 
" 


gold anda 


Since it appeared feasible to produce T1'*’ 
\'% by charged-particle bombardment of 
mercury at the Brookhaven 60-inch cy: 
present study was undertaken with the primary aim of 


lotron, the 
characterizing these nuclides sufficiently for further 
spallation yield work 

1 his 


identification of 


describes, in a preliminary way, the 
rl, the confirmation of the half-life 


7 and some 


report 


and some of the radiations ascribed to T1 
additions to previous information on the radiations and 
modes of decay of TI'*** 


EXPERIMENTAL PROCEDURES 


The gold targets were either 9.5-mil (~25 mg/cm’) 
foils of the rolled metal or ~1 mg/cm? foils of the metal 
evaporated onto aluminum. The mercury targets con- 
sisted of “mercury foils” deposited on 1-mil copper foil 
by electrochemical replacement. For thin deposits (as 
with small quantities of isotopically enriched mercury), 
a drop of the mercury solution in 3-6 normal nitric acid 


t Research carried out under the auspices of the U. S. Atomic 
Energy Commission 


* On Los Alamos Scientific 
Laboratory, Los Alamos 
'W. E. Bennett, Phys 
* Sugarman, Duffield, Friedlander, 
1704 (1954 
* Andersson, Arbman, Bergstrém, and Wapstra, Phil. Mag. 46, 
70 (1955) 


temporary assignment from the 
New Mexico 
Rev. 94, 997 (1954 

and Miller, Phys. Rev. 95, 


2.8+0.2 hours) of Tl” have been confirmed by timed chemical 
of its Hg®’ daughter. The radiations of Tl’ and Tl have been examined with a gamma 
spectrograph. The presence of a number of new gamma rays 
capture branch in the decay of this isomer; the data indicate a 


cr between 1 end 2 


was pipetted onto the copper and stirred for a few 
minutes until most of the mercury was deposited. For 
heavier deposits (normal mercury), mercuric oxide was 
dusted onto the copper, moistened with 3 normal nitric 
acid, and rubbed with a stirring rod until the fresh 
amalgam surface appeared. The mercury-copper foils 
were used within a few hours after preparation, before 
the mercury had migrated down into the bulk of the 
copper, and when mounted carefully on a water-cooled 
target block and covered with a 0.5-mil aluminum 
protecting foil, could be exposed to up to 2ua/cm? of 
20-Mev deuterons without apparent evaporation of the 
mercury. 

The separation and purification of thallium from 
mercury, copper, and zinc was based on multiple ex- 
tractions of Tl*** into either from an aqueous phase 
made 1 normal in hydrobromic acid and containing the 
appropriate holdback carriers. In the preparation of 
thallium activity by bombardment of gold targets, the 
gold was removed from the thallium in some cases by 
reduction with sulfur dioxide or sodium bisulfite in 
acid, and in others by repeated precipitations of thallic 
hydroxide in strong sodium hydroxide. 

Sample decays were followed on scintillation counters 
and on thin-window proportional counters. Gamma-ray 
energy measurements were made on NalI(TI) scintilla- 
tion counters with gray-wedge pulse-height analysis.‘ 
Electron energies were analyzed with a 180° beta-ray 
spectrograph which had an upper energy limit of ~1200 
kev. With the sources used, the resolution was ap- 
proximately 1%. 


IDENTIFICATION OF Tl'** AND TI” 
TL 


Electromagnetically enriched’ Hg'* was bombarded 
for 30 minutes with 20-Mev deuterons, the thallium 
activity was separated, and a series of 8 mercury milkings 
was carried out on the thallium source. Analysis of the 

‘ Chase, Bernstein, and Schardt, Phys. Rev. 90, 353 (1953). 

+ Mass analysis: 196, 1.5%; 198, 7.5%; 199, 9.0%; 200, 13.2%; 
201, 7.9%; 202, 25.2%; 204, 35.8%. The electromagnetically 
enriched mercury isotopes were borrowed from Dr. MM. Goldhaber, 
who obtained them from the Isotopes Division, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. 
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RADIOCHEMICAL STUDY 


decay curves of the first mercury samples gave com- 
ponents of half-life 9-10 hours (Hg"*) and 65 hours 
(Hg"**). No evidence was found for the 38-hour Hg’, 
this isomer, if present, was estimated to constitute less 
than 20% of the total Hg which had grown in, a 
result consistent with the low spin one would expect for 
the ground state of Tl". The decay of the Tl’ and 
TI, as obtained from the activities of their mercury 
daughters, is plotted in Fig. 1. The Tl half-life was 
found to be 1.2+0.1 hours. 

The gamma-ray spectrum of Tl" was not observed. 
Due to the limited enrichment of mass 196 in the 
mercury target material, Tl" could not be produced in 
sufficient quantity to be distinguishable from the 
overwhelming background of Tl" and Tl also pro- 
duced during bombardment. 


TL? 


From measurements of the relative amounts of the 
65-hour components in the above-mentioned series of 
mercury sources, and from similar experiments with 
thallium obtained from 39-Mev alpha bombardment of 
gold, the Tl'” half-life was found to be 2.8+0.2 hours. 
The target reactions were Hg'*(d,3n) and Au(a,4n), 
respectively. The half-life agrees with the value cited by 
Andersson e al.,? who obtained their Tl’? from thallium 
bombarded with protons from a synchrocyclotron. 

From TIl'7, as from Tl, only the ground-state 
mercury daughter was observed to grow in. An analysis 





Hg ACTIVITY GROWN IN PER UNIT TIME 











Fic. 1. Decay of Tl and TI’, measured in terms of mercury 
daughter activities in successive milkings from the thallium 
source. 


OF Ts. 187. 1088 1335 
of the decay data on mercury grown from thallium 
extracted from alpha-bombarded gold, where no Hg'"® 
could have been produced to complicate the system, 
leads to an estimate of 5% as an upper limit for the 
fraction of Tl"? decaying to Hg’. 

In alpha bombardments of gold, the Hg'” may be 
produced either directly by Au(a,p3m) or by Au(a,4n) 
followed by Tl"? decay. The low-energy ends of the 
excitation functions for these two reactions were meas- 
ured by a stacked-foil experiment. The experiment in- 
volved two bombardments, in each of which five 0.5-mil 
gold foils were stacked and exposed to a beam of 39-Mev 
alpha particles impinging normal to the plane of the 
foils. The foils from the first bombardment were allowed 
to stand until the Tl? had decayed to Hg” and were 
then analyzed for mercury activity; the foils from the 
second bombardment were dissolved and cleaned of 
mercury activity immediately, then were allowed to 
stand until the remaining Tl'” had decayed and finally 
were analyzed and counted like the first set. The results, 
calculated in terms of the two reactions by which the 
Hg'*’ was produced, are plotted in Fig. 2. 


RADIATION MEASUREMENTS 


Electron spectra were measured on three thallium 
sources: the first was separated from gold bombarded 
with the full-energy (39-Mev) alpha beam, the second 
from gold covered with sufficient aluminum absorber to 
drop the maximum alpha energy to 34 Mev, and the 
third from mercury-copper bombarded with 20-Mev 
deuterons. The three series of electron spectrograms 


IG e+ 
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. 2. Excitation functions of reactions leading to Hg’. 
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obtained from these sources wil! be referred to as Au®, 
Au™, and Hg”, respectively. 
energy for the gold bombardments was based on the 
in Fig. 2; only the higher- 

j 


energy bombardment should have produced significant 


The choice of alpha 
excitation function shown 


amounts of T!'”’. The third source, although it contained 
a larger variety of thallium activities, had a more 
Due to the 


necessity of limiting the deuteron beam strength on the 


favorable Tl'/TI"* ratio than the first 


mercury-copper target, this source was not as strong as 
those from the gold target, and measurement of con- 
version Half- 


life estimates of most of the lines were made by visual 


lines was limited to the region < 550 kev. 


comparison ol their intensities in successive exposures ; 
exposures in each of the first two runs 


the first three 
were taken for periods of 160 minutes, and the remainder 
at intervals up to 24 hours 

The gamma spectra of each of the gold plus alphe 


and of the 


A 
prepared by 
Hg" and Hg’ 


a scintulation spectrometer. 


thallium sour 


sources 


deuteron bombardment of enriched 


were examined with 


€ 


Ss 


Energy calibrations were based on 


)i98 


gamma energ 


reported by Bergstrom ef a/.* for the 


rp 


isoLopes 


throug 


RESULTS 
Tr” 


The report by Andersson e/ a/.’ assigns to the decay of 


I'l? gamma transitions of energy 134, 152, 174, 434, and 








j 
(a) 
b 
Fic. 3.3Gray-wedge spectrograms of tha sources. (Na™ 
sta uirds are shown on ieft a) Source Au”, 45 rs after 
bombardment Mame as (4 wer gau » Hg* 4 Fe) 
} rs after bombardment 


* Bergstrom, Hill, and DePasquali, Phys. Rev. 92, 918 (1955 
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611 kev, plus others, which they list as uncertain, of 269, 
583, 588, and 637 kev, all measured from their conver- 
sion lines. Four of these transitions were recognized in 
the present work. The K and L lines of a 152.6+0.5-kev 
gamma of half-life ~3 hours were found in the spectro- 
gram series Au® and Hg™, and are thus clearly 
assignable to Tl’. A very weak electron line observed at 
350 kev corresponds to the K line of the 434-kev gamma, 
but its low intensity precluded a half-life estimate. Also 
found were K, L, and probably M lines of relatively 
strong transitions of energies 586 and 635 kev, both with 
K-L energy differences characteristic of conversion in 
mercury and both of half-life ~2 hours. However, the 
presence of these lines in approximately equal intensities 
series Au*®® and Au*™ indicates 


in the spectrogram 


that these transitions, which presumably correspond to 
the 583- or 588- and 637-kev gamma rays previously 


reported, belong to Tl'*™ rather than T1’*’, 

The presence of the L, M, and N lines of the 77-kev 
gamma ray and the K-line of the 191-kev gamma ray of 
Hg'”’ in the long-exposure spectrograms of the Au® 
and Hg™ series confirmed the earlier presence of the 
parent Tl’ in these sources. From a comparison of the 
intensity of the K line of the 153-kev transition in the 
first Hg™ spectrogram with the intensity of the Lily 
doublet of the 77-kev transition in a later spectrogram 
of the series, together with calculations involving L-shell 
conversion coefficients’-* and growth and decay times of 
the Hg’ and TI’, it is estimated that each TI” 
disintegration gives ~0.17 K electrons from the 153-kev 
transition. If this transition is magnetic dipole, as re- 
ported,’ it may then be calculated that ~27% of the 
-grations go through the 153-kev level. 

Of the thalli 

t the one prepared by 20-Mev deuteron 
bombardment of enriched (79%) Hg'** had the best 
rl'*"/Ti* = ratio intillation spectrograms 





um sources examined by scintillation 


rometry, 


Gamma sx 


of this source showed, in addition to the TIl'%*/T] 
spectrum, a peak at 152-155 


kev, the shorter-lived 
component of which is presumed to belong to TI'*’. In 
strength and complexity of the gamma 
from Tl'%= sae as to 


overwhelm any weaker Tl’ gamma rays. 


generai, the 


and were such 


background 


Tr 


The electron 


lines found in the spectrograms of the 
ies Au® ar | 


Au™ or in Au™ alone, i.e., restricted 


Ser 
to thallium isotopes of mass 198 or higher, were classified 
according to the following half-lives: ~2 hours (Tl!) 


rl'** and Tl), and ~27 hours (TI). In the 
2-hour group there were found, besides the lines of the 


~® hours 


known 260.7- and 282.4-kev gamma transitions, a con- 


siderable number of lines of lower intensity. The 
strongest of the latter corresponded to gamma rays of 
’ Huber, Humbel, Schneider, de-Shalit, and Zunti, Helv. Phys. 
Acta 24, 127 (1951 
* J. W. Mihelich and A. de-Shalit, Phys. Rev. 91, 78 (1953). 
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635, 586, and 442 kev, all converted in mercury. The 
635-kev transition had a K/L ratio of ~6 and its K 
electrons were estimated to be roughly 0.08 as abundant 
as those of the 260.7-kev transition. For the 586- and 
442-kev transitions, the corresponding numbers were 
K/L~8 and Nx«(586)/N «(260.7)~0.03, and K/L~8 
and N«(442)/N «(260.7)~0.02, respectively. In addi- 
tion, a moderately strong line at 436 kev can probably 
be assigned as the K line of a 519-kev gamma ray; the Ly 
or Ly conversion electrons, which would have had an 
energy near 504 kev, could not be distinguished above 
the background of the stronger 503-kev K conversion 
electrons of the 586-kev gamma ray. Other electron lines 
at 292 (doublet ?), 308, 339, 415, 458, 467, 642, and 
possibly 753 and 816 kev were too weak for classification 
but appear to belong to the 2-hour group. A number of 
the lines found here are probably identical with some of 
the weak lines listed as unclassified in the Tl**-** study 
of Bergstrom ef al. 

An examination of the gray-wedge scintillation spec- 
trograms, examples of which are reproduced in Fig. 3, 
showed prominent photo-peaks corresponding to gamma 
rays of 155, 225, 282, 412, and 590-645 kev, plus weaker 
peaks at 510, ~1075, ~1230 and ~1440 kev; the 282- 
and 412-kev gammas were used as internal energy 
standards. The 155-kev peak had decay components 
slightly shorter-lived than and slightly longer-lived than 
the 412-kev peak; the former is probably from a 
combination of the 153-kev gamma of Tl’ and the 
158-kev gamma of T|. The 225-kev photopeak may be 
identified with a 227-kev gamma ray deduced from the 
electron spectrograms and assigned to Tl’, although 
the 208- and 247-kev gammas of Tl™ are also possible 
contributors. The 590-645-kev peak was too complex 
for unequivocal analysis. Its principal components de- 
cayed at the same rate as the 282-kev peak, and 
presumably correspond to the 586- and 635-kev gamma 
rays of T]'%™, 

The observation that the 442-, 586-, and 635-kev 
gamma rays are converted in mercury shows that T]** 
decays in part by electron capture. Although the ratioof 
electron capture to isomeric transition in Tl" could 
not be determined without a knowledge of the decay 
schemes of Tl'**" and T]'*, its approximate magnitude 
was deduced from gamma-scintillation measurements. 

From the gray-wedge scintillation spectrograms of 
other T]'**™— T]'** sources, each member of the 590-645 
peak (here considered as only a doublet) was observed 
to be ~1.1 times as abundant as the 282-kev gamma 
rays. Taking now for the 282-kev transition a total 
conversion coefficient of 0.27 from the data of Passell 
et al.,* and for the 635-kev transition a total conversion 
coefficient of 0.016 (supposing it to be £2), one finds 
that the 635- and 282-kev transitions occur in the ratio 
~0.9:1. The choice of M1 or M2 for the higher energy 
gamma ray would raise the ratio only slightly. Since the 


* Passell, Michel, and Bergstrém, Phys. Rev. 95, 999 (1954). 
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635- and 586-kev gamma rays are the strongest gamma 
rays observed to be associated with the electron capture 
branch of Tl'**", one may conjecture that the E.C./1.T. 
ratio for this isomer lies somewhere between about 1 and 
2, depending on whether the two transitions represent a 
cascade or alternative decay paths. In either case, there 
remains tne problem of disposal of angular momentum 
in the electron capture branch. If the TI" has a spin 
of > 8, as postulated by Passell ef al., the excited state of 
Hg" to which it decays must have a spin of at least 7; 
putting the 635-kev gamma ray in cascade with the 
412-kev gamma ray and assigning to the former a 
multipolarity of 2 (probably the largest value consistent 
with its XK conversion intensity and K/L ratio), one 
must still account for 3 units of angular momentum. In 
view of the apparent absence of unaccounted-for strong 
conversion lines in the electron spectrum, it appears that 


TABLE I. Internal conversion electron lines of 
Tr’, TY**, and Ti. 








Electron 





energy Intensity 
(kev) estimate Assignment Remarks 
Ty~2 hr: 
(816) very weak 
(753) very weak 
642 very weak 
633 very weak 635—M Tise= 
621 medium weak 635—Liss Tie 
58S very weak 
$72 weak $86—Liia1 Ti 
552 medium 635—K Tie K/L . Conv, Hg 
503 medium 586 ~—K Tie K/L--®. Conv. Hg 
467 very weak 
458 weak 543 —K(?) 
436 medium 
428 weak 42-1 Tie 
358.5 medium weak 442-—K Time K/L-~4&. Conv. Hg 
339 weak 
308 weak 
292 very weak 
279 medium weak 282.4-M Tits 
267.1* medium 282.4-L:1 Tp 
260 weak 260.7 —N T= 
257.5 strong 260.7 ~M Tp 
248.1* very strong 260.7 ~Litt Ti 
245.4" very strong 260.7—Ly; Tie 
(221) very weak 
196.9* very strong 282.4-—K TI 
175.26 very strong 260.7 —~K Ti.» 
Ty~3 hr: 
342 weak 425~—K(?) Tir(?) 
(350) very weak 433—K(?) Tr"(?) 
138.1 weak 1826—-Lin TH" 
696 strong 1$2.7--K Tie 
Ty~6 br® 
1115 weak 1198-—K Tims 
(924) very weak 
(715) very weak 
i weak 675—L Tis 
592 weak 675~—K Tis 
($12) very weak 
408 medium 411.7-M Ti 
397.5* medium 411.7-Lau Tre 
396.9% medium 411.7—L1 Tie 
328.6° medium strong 411.7~—K Ti 
211 weak 226—L(?7) Ti?) 
200 weak 283 ~K Tr 
143.6 medium 226.7 ~K(?) TIH(?) 
132 weak 
iit medium weak 194-—K Has short-lived 


Tr, 
Ti component 








* These lines were used as energy standards, computed from gamma 
transition energies reported by Bergst Gm ¢/ al., reference 6. 

* Conversion lines corresponding to amma rays of energies 491, 455, 333, 
247, 208, and 158 kev, assigned to 11” by Bergstrém a al., have been 


omitted from this list. 
* These lines were used as energy stindards, computed from the gamma 
trandition energy reported by A. tan and D. Lind, Arkiv Fyeik 5, 177 


(1952). 
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either the 586- , 635- , and 412-kev gamma rays are in 
cascade, or the missing transition has an energy in the 
region <45 kev or > 1250 kev, outside the range of the 
electron spectrograph. 


Ti" 


The only conversion lines in the 5- to 7-hour category 
not already reported by Bergstriim ef al., were observed 
at 143.6, 211, 715, 924, and 1115 kev. The first two ap- 
pear to be K and L conversion lines of a 226.7-kev gamma 
transition. Of the remainder, which are presunably K 
conversion lines, the 1115-kev line was the most intense; 
from a rough comparison of line densities, it was 
estimated that the 1115-kev electrons are about half as 
abundant as the K conversion electrons of the well- 
known 675-kev gamma ray. The complex high-energy 
gamma spectrum observed in the scintillation measure- 
ments is assigned in part to the decay of Tl. Of the 


BAKER 


1075- , 1230- , and 1440-kev peaks previously men- 
tioned, the first may be identified as the known 1086-kev 
gamma ray of Tl" and the second probably corresponds 
to the gamma ray associated with the 1115-kev con- 
version electrons. 

The beta-spectrograph data are summarized in 
Table I. 
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The BNL crystal spectrometer has been used to investigate the total cross section of rhenium for neutrons 
of energy 1 ev to 13 ev. Reasonances were detected at 2.156, 4.416, 5.90, 7.2, 11.1, 11.9, and 12.8 ev. Two 
resonances were analyzed to obtain the parameters of the Breit-Wigner single-level formula. The radiation 
widths measured in this experiment are in agreement with the general trend in radiation widths near A = 185 


4A new resonance was observed at 11.9 ev 


INTRODUCTION 


ECAUSE of interest in the dependence of radiation 

widths of neutron resonances on atomic weight of 
target,’~* the resonances of rhenium have been re- 
measured in order to determine the dependence on 
atomic number in the minimum preceding the peak at 
A=100.2* For the resonances in the energy interval, 
1 ev to 12 ev, which have been analyzed in this experi- 
ment, the resolution is of order 10°; of the observed 
widths. 

Many of the recent measurements of radiation widths, 
including those of rhenium, have experimental error of 
order 20°). With the resolution of the BNL crystal 
spectrometer, it was possible to reduce the experimental 
uncertainty to a few percent. However, only two reson- 
ances could be analyzed in this energy region and they 
occur in different isotopes. The results therefore are not 
average values as are some of those that appear in the 

* Research performed under contract with the U. S. Atomic 
Energy Commission 

'D. J. Hughes and J. A. Harvey, Nature 173, 942 (1954). 

*H. H. Landon and V. L. Sailor, Phys. Rev. 98, 1267 (1955) 

+ J. S. Levin and D. J. Hughes, Phys. Rev. 98, 1161(A) (1955 

‘A. Stolovy and J. A. Harvey, Phys. Rev. 99, 611(A) (1955) 

* J. S. Levin, thesis, Cornel] University, 1955 (unpublished) 


compilations of references 1 and 5. On the other hand, in 
the isotopes in which more than one resonance is 
amenable to analysis, the deviation from their mean is 
smaller than the experimental error in the individual 
measurements.'* An exception to this statement is 
found in europium and indium,’ where the measure- 
ments suggest two distinct values for I’,. 


EXPERIMENTAL DESCRIPTION 


Powdered metallic rhenium of high purity was dis- 
solved in D,O by treatment with concentrated hydrogen 


TaBLe I. Resonance parameter for Re. 














Isotope 185 187 
E,(ev) 2.15620.004 4.416+0.008 
ool (ev barns 7.25+0.07)K 18 69.8+6.7 
oo(barns) (1.2340.02)« 10" (1.56+0.05) x 10" 
rev) 0.0590-+-0.0006 0.045+0.001 
r,(ev) 0.0557 +0.0006 0.045+0.001 
i. (ev) 0.00330-+.0.00005 0.00032+-0.0000 1 
ool *(ev? barns 42.8+1.2* 
oI*(ev® barns 41.6+1.2> 








* Central analysis. 
* Wing analysis 
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peroxide to form perrhenic acid. The amount of rhenium 
in solution was determined by a standard quantitative 
method. The rhenium in a known volume of solution 
was precipitated and weighed as tetraphenyl arsonium 
perrhenate. A thicker sample was made by packing the 
powdered metal into a quartz cell after first heating the 
sample to 100°C in a vacuum oven. In all, four samples 
were used in the measurement. The values of 10*/.N for 
the samples were 6650, 2750, 1940, and 123.5, where V 
is the number of nuclei per cm’. The crystal spectrom- 
eter used in these measurements has been described 
previously.” Monoenergetic neutrons were obtained by 
diffraction from the (1231) and the (2242) planes of a 
single crystal of Be. The transmission, 7, was measured 
as a function of energy for each of the samples. The total 
cross section, o, was determined by the relation, 
o=(1/N)In(1/7). The resulting total cross-section 
curve appears in Fig. 1. The curve is a composite repre- 


t) 
0 Tr T T T amet ue 











ee ee ee eee 
ro 
Re 
g ‘ 
6 f 
6 | 
| i | 
t| 8 1\ i\ f\ 
| 41 | i \ j \ ] | } | 
\ j Qs j \ / he jf V \ } \ 
ge ~~ jt . yi-e 
a Se ee yo ates 


Fic. 1. Total cross section of Re 


sentation of the data from the four samples, chosen to 
yield best statistics. The statistical error is of the order 
of 4% at the peak of the resonances. The probable error 
from statistical fluctuations for each experimental point 
is, in general, less than 3%. A new resonance at 11.9 ev 
was found. 

RESULTS AND DISCUSSION 


The 2.156-ev resonance and the 4.42-ev resonances 
were analyzed in order to obtain the parameters of the 
single-level Breit-Wigner formula. Figure 2 shows a 
plot of the 2.156-ev resonance. The data for the 4.416-ev 
resonance is of the same quality. The methods of analy- 
sis have been described in detail in reference 2. The 
Doppler width and instrumental resolution are 0.035 ev 
and 0.015 ev respectively at 2.156 ev. The experimental 
curve was first unfolded at the peak and at half-maxi- 
mum in order to correct for the instrumental resolution. 
This amounted to a $% correction at the peak and a 
smaller correction to the half-width. The central part of 


* L. B. Borst and V. L. Sailor, Rev. Sci. Instr. 24, 1416 (1953). 
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Fic. 2. The 2.156-ev neutron resonance in Re™, 


the resulting curve was analyzed in terms of the single- 
level formula modified by Doppler broadening. The 
method of analysis depends on both the shape and the 
area under the central part of the experimental curve.’ 
In addition, the wings of the resonance were analyzed in 
terms of the Breit-Wigner single-level formula taking in 
account the effects of Doppler broadening and the effect 
of the neighboring resonances. Table I lists the param- 
eters obtained in the two analyses. Both sets of param- 
eters agree within the experimental accuracy of the 
measurements. 

The resonance located at 4.416 ev is treated in the 
same way except that a wing analysis is not possible 
because of the proximity of the strong resonance at 
2.156 ev. The instrumental resolution at 4.42 ev is 
approximately 0.040 ev, and the Doppler width of the 
4.42-ev resonance is 0.049 ev. The effect of the finite 
resolution lowers the peak height by about 5%. Table 
I also gives the Breit-Wigner parameters obtained from 
an analysis of the central part of the resonance. 

The experimental uncertainties which are listed in 
Table I arise from the statistical error of 3% on the 
individual experimenta! points, by 1% uncertainty in 
sample thickness, and the uncertainty in the energy 
scale of +0.2%. 

Radiation widths show a decreasing trend from a 
value of 0.300 ev at A = 50 to the vicinity of A =185.'* 
For larger values of A, the radiation width shows a 
maximum with peak to value ratio equal to about 30 
followed by a monotomic decrease for largest values of 
A.* Levin and Hughes,’ and Stolovy and Harvey‘ have 
also noted the possibility of other maxima just before 
the closing of nuclear shells. The measurements re- 
ported in this paper bear out the trend in the vicinity of 
A=185. They indicate that the minimum is deeper 
than reported previously. 
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Results of measurements of twenty (f,%) cross sections on elements from atomic number 21 to 58 are 
given. The data indicate total reaction cross sections which, when interpreted in terms of a totally black 
square well potential of depth 20 Mev, correspond to a potential radius of 1.55 to 1.654! 10™" cm. 





INTRODUCTION 


-_ JTAL reaction cross sections of nuclei are cur- 
rently of interest since they should yield an 
experimental check of the depth and extension of the 
imaginary potential employed in the optical model of 
the nucleus.'* Optical model calculations usually assume 
the imaginary potential to be of the same form as the 
real potential but there appears to be no reason for 
disallowing entirely different shapes and extensions. 
In view of the striking successes of the optical model 
in the description of elastic nuclear events, the validity 
of its description of absorptive processes will be of 
considerable interest. 

Experimental determination of total reaction cross 
sections is, however, not as direct as one might desire. 
In charged particle bombardments at medium energies 
(== 20 Mev) a number of types of reaction are possible, 
and usually, to obtain the total reaction cross section, 
it is necessary to measure all the individual reactions; 
this is often not possible, and almost never easy. As the 
bombardment energy is lowered the (x,m) reaction 
becomes the chief contributor and so measurement is 
facilitated. On the other hand, if one goes too low in 
energy, for charged particles, barrier penetration cor- 
rections in the theoretical interpretation of the data 
become large and hence the possibility of large errors 
in interpretation are introduced. Measurements of total 
reaction cross sections by neutron bombardment, at 
these energies, involve (#,n’) in a prominent way and 
hence are at this time of great experimental difficulty. 

In the present experiment it was attempted to select 
the bombarding energy and the range of atomic num- 
bers such that a reliable and easily interpretable in- 
dication of the magnitude of the total reaction cross 
section could be obtained with minimum experimental 
effort. The bombarding energy of 12 Mev is high enough 
to be above the Coulomb barrier for all nuclei in the 
survey (thus reducing barrier penetration effects) while 
at the same time being low enough so that almost all 
reactions are (p,m) and hence determination of the 
total reaction cross section involves the minimum 
number of experimental measurements. In the present 
paper the cross sections are interpretated in terms of 


?D. S. Saxon and R. D. Wood, Phys. Rev. 95, 587 (1954) 
* Eisberg, Gugelot, and Porter, Editors, Brookhaven National 
Laboratory Report, BNL-331, 1955 (unpublished) 


the radius of totally black square well potential’ which 
would give the same cross section since total reaction 
cross sections calculated on the basis of the optical 
model are not as yet available. It is hoped that such 
theoretical optical model calculations will soon become 
available and that the data described herein will 
constitute a reliable experimental basis for comparison. 


EXPERIMENTAL METHOD 


Cross-section measurements were performed by acti- 
vation methods in the internal circulating beam of the 
ORNL 86-inch cyclotron. Targets were bombarded for 
a short period, the induced activity was observed in a 
counter, the product nuclei from the reaction were 
identified by means of their radioactive half-lives, and 
cross sections were computed from the intensity of the 
particular half-life. The proton beam current was 
measured by means of a comparison technique in which 
the activity induced by the reaction being investigated 
was compared with the Zn®™ activity induced in a 
sample of copper exposed during the same bombard- 
ment. The comparison method has the advantage that 
all energy independent beta-counting errors cancel, 
provided the samples to be compared are counted in 
identical geometrical and physical conditions. This 
stipulation was rigidly adhered to during the course of 
the experiment. The comparison method necessarily 
implies that all cross sections obtained are relative and 
some additional measurement must be relied on for an 
absolute scale. For this purpose the measurement by 
Ghoshal‘ of the Cu®(p,2)Zn® cross section at 12 Mev 
is ideal. Any error in his value of 530 mb would be 
reflected as an error in the scale factor of all the measure- 
ments, whereas relative values would be unaffected. 

Target materials for the bombardments were in some 
cases the pure element and in other cases the chem- 
ical compounds, as follows: Sc2(SO4)3, CrF2, Ni, Zn, 
GaF;, NaBr, RbCl, Y.0;,5 Zr(NO,)4, Ru, Cd, CsNOs, 
Ce,0;, Cu, and CuO. For the measurements on nickel, 
zinc, and cadmium, thin metal foils were used (~20 
mg/cm*), whereas all other materials were in the form 
of a fine powder. The copper monitor was introduced, 
in the case of the metal foil targets, by stacking the 


*M. M. Shapiro, Phys. Rev. 90, 171 (1953). 

*S. N. Ghoshal, Phys. Rev. 80, 939 (1950). 

* We are indebted to G. E. Boyd of the Chemistry Division of 
Oak Ridge National Laboratory for the 99% pure Y2Os. 
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target foil along with a 16-mg/cm? copper foil, in a 
thick window frame so that the same proton current 
passed through both foils. Where targets consisted of 
powdered materials, copper was introduced in the form 
of powdered copper oxide which was thoroughly mixed 
with the target material by a grinding process. Any 
imperfection in the mixing would result in random vari- 
ance from one measurement to the next and hence 
would be reflected as an increased standard deviation 
in the results from various measurements. 

After bombardment, the targets were removed from 
the cyclotron, and the radioactivity induced by various 
reactions was observed under end-window Geiger 
counters enclosed in standard aluminum-lined lead 
castles. Decay curves were plotted and analyzed into 
their constituent half-lives; the half-lives were then 
used to identify the nuclides from which the various 
radiations emanated. In every case, the production of a 
particular activity by reactions other than the one 
being studied was prohibited by application of the 
energy conservation theorem, so that the intensity of a 
particular half-life could be straightforwardly con- 
verted into a cross section by using known decay scheme 
information. 

Most samples were counted on thick backings so that 
saturation back scattering was obtained. Under these 
conditions the number of back-scattered betas has 
been found by Yaffe® to be essentially independent of 
beta energy over the range of beta energies which were 
encountered. A few samples were counted on nonthick 
backings in cases where the energies to be compared 
were sufficiently similar to make substantial error un- 
likely. Corrections for absorption in the air and in the 
counter windows were made in the usual way by ex- 
trapolating an experimental absorption curve back to 
zero absorber. Correction for self-scattering and self- 
absorption in the samples were made experimentally 
at two energies and reasonable agreement with the 
results of Nervick and Stevenson’ was obtained. The 
latter results were, therefore, assumed to be adequate 
for making corrections in data involving other beta 
energies. In addition to the above corrections, experi- 
mental errors were enlarged by from 10 to 20% (de- 
pending on the difference in energy of the betas being 
compared) to take account of possible additional beta- 
counting errors. 

In a few cases activities were determined by counting 
conversion electrons, where the conversion coefficients 
were large and well known. In these cases corrections 
for self-absorption and self-scattering were made by 
arbitrarily assuming the corrections to be equivalent to 
those for a beta of twice the energy. Absorption curves 
taken externally showed the above assumption to hold 
reasonably well for external absorption over the range 
of thicknesses encountered experimentally. 

* L. Yaffe, J. Chem. Soc. S341 (1949). 


7W. E. Nervick and P. C. Stevenson, University of California 
Radiation Laboratory Report UCRL-1575, 1951 (unpublished). 
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Decay scheme information was in general taken from 
the table of isotopes of Hollander, Perlman, and Sea- 
borg,*® unless more recent information was available.’ 
For the isotopes Sc, Ni®, Zr®, and Ru™, experimental 
positron to K-capture ratios were not available, and in 
these cases the amount of K-capture was estimated 
from Fermi theory, following the work of Feenberg 
and Trigg.” The third column of Table I shows the 
percentage of radioactive decays assumed (in the 
calculation. of cross sections) to occur by particle 
emission for each isotope. Similarly the second column 
shows the half-life assumed for each radioisotope. No 
attempt was made to evaluate possible systematic 
errors caused by faulty decay-scheme information. 
Every effort was made, however, to hold such errors to 
a minimum by carefully selecting the best information 
available. If a better value for any of the entries in 
columns 2 and 3 of Table I is subsequently found, the 
observed value of the cross section may be corrected 
accordingly. 

The energy of the proton beam was measured on each 
cyclotron bombardment by observing the 38-min 
activity induced in a copper foil stack bombarded be- 
hind a thick window frame. :The induced activity was 
then unfolded into an energy spectrum by using the 
accurately known Cu® excitation function and solving 
approximately the resulting integral equation by the 
method of Cohen." The beam energy spectrum was 
found to have a full width at half-maximum of 1 Mev 
and the maximum was found to fluctuate from one run 
to the next over a region of 1.2 Mev with the maxima 
from 60% of the runs lying within a region having a full 
width of 0.4 Mev, centered at 11.9 Mev. The 12-Mev 
energy was obtained from the 86-inch cyclotron by 
passing the beam through an appropriate copper ab- 
sorber. An attempt was also made to obtain this energy 
by operation at reduced radius but was discontinued 
when the energy spectrum obtained was found to be 
less satisfactory than that obtained by absorption. All 
cross sections were measured from four to twelve times 
on several cyclotron runs so that the values obtained 
are, hence, average values over the energy distribution 
of the proton beam. 

As an experimental check on the entire method, 
measurements of known cross sections were made 
whenever possible and reasonable agreement was 


obtained. 
RESULTS 


Table I, column 4 gives the measured values ob- 
tained for the various cross sections and column 5 
gives the estimate of experimental errors. The errors 
quoted are the standard deviation for the results from 


so Perlman, and Seaborg, Revs. Modern Phys. 25, 

53). 

Pky data accumulation, Nuclear Science Abstracts, 
FE. Feenberg and G. Trigg, Revs. Modern Phys. 22, 339 (1950). 
“ B. L. Cohen, Oak Ridge National Laboratory ORNL-1347, 

1952 (unpublished). 
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Taste I. Experimental results. Columns 2 and 3 show the assumed half-lives and percent particle emission (taken from references 
8,9, and 10) which were used in the calculation of the cross section; Columns 4'and 5 contain the experimental data; Columns 6 and 7 


show energetic thresholds for the (~,n) and (~,2n) reactions (calculated from reference 19). 











Percent ‘aaa Error Thresholds (Mev) 

Reaction Half-life (B*+8- +e) - (mb) (mb) (p.m) (p,2m) 
Sc**(p,n)Ti* 3.08 hr 82.4 350 130 2.73 >12.0 
Cr®(p.n)Mn™ 21 min 99 210 40 5.8 
Cr®(p,n)Mn® 5.6 days 35 75 15 54 >16.0 
Ni®(p,n)\Cu® 24.6 min 100 370 65 68 >12.3 
Ni®™(p,5)Cu™ 34 hr 68 590 160 28 14.6 
Ni*(p,n)Cu* 12.8 hr 58 1210 450 24 10.3 
Zn™(p,n)\Ga" 9.2 hr 64 585 @ 5.9 = 13.7" 
Zn“ (p,.n)\Ga™ 68 min &5 1100 150 3.6 11.9% 
Ga®(p.n)Ge* 39.6 hr 33 960 350 4.0 11.5* 

em 
Br™(p,n) (Er 4 hr 7.0 1050 350 2.7" 10.8 
Rb*’(p,m)Sr*7* 28 hr 22 220 70 2.0 6.5? 
Y"(p,)Zr™* 44 min 7.0 170 &@ 4.2 
uae 

¥*(9,n)( ore 78 hr 24 750 100 3.6 13.5® 
Zr™(p.n)Nb™® 15 hr 41 1200 250 7 15.4* 
Ru®(p,8) Rh® 4.5 hr 11.7 420 120 2.4 14.0?" 
Ru™(p.8)Rh™ 4.5 days 10 365 100 1.4* 11.6? 
Cd™(p.9)In 28 days 16.7 810 120 1.68 11.9 
Cd™(p,n)In™ 50s days 97 305 50 3.0 9.6 
Cs'™(p,n) Ba 38.8 hr 71 270 a” 1.0 7.0? 
Ce! (p,m) Pri® 19.2 hr 100 110 40 3.5 7.0 








* Beta energy estimated from systematics; K. Way (private communication 





various runs plus a percentage error (mentioned above) 
allowed for possible unknown counting errors. The 
results are also plotted in Fig. 1 with the various symbols 
being defined in the caption. Also included in Fig. 1 are 
theoretical total reaction cross sections calculated by 
Shapiro’ for a totally black square well of radius R 
=rfo4'X10-" cm, where ro has the value indicated on 
each of the curves. The theoretical curves are spread 
out into bands to correspond to the experimental dis- 
tribution of proton energies. It can be seen from the 
width of the bands that the dependence of the total 
cross section on energy is not critical and hence the 
experimental spread in energy should not have any 
important effect on the final results. 

Two striking features show up at once in Fig. 1, 
(a) the large magnitude of the cross sections observed, 
and (b) the large fluctuation in cross section observed 
from one nucleus to the next. Considering first the large 
magnitude of the cross sections, one notes that five of 
the observed cross sections fall near or above the ro= 1.7 
curve, indicating extremely strong absorption. Un- 
furtunately four of these large values suffer in experi- 
mental accuracy for various inherent reasons.'"* The one 


® Available information on the decay scheme of Zr is very 
meager, and it was necessary te rely on a theoretical determination 
of the amount of A-capture. Also, the assumption of an allowed 
transition may not hold. Br” has the lowest beta energy of any of 
the isotopes studied in the experiment and hence the amount of 
K-capture is large. The ratio of A-capture to beta-plus-decay has 
been carefully measured* but because of the small amount of 
particle emission (5%), a sizable error could still result in the 
cross section determination. For Ga® the rather rough experi- 
mental determination of the X-capture ratio given in reference 8 
was used. This value is not in good agreement with the prediction 
of Fermi theory, and if the theoretical value were used a much 


remaining very large cross section, Zn®*, was, however, 
amenable to an accurate measurement and, therefore, 
in order to sharply pin point at least one of the very 
large cross sections, a number of additional runs were 
made. As a result the measurement on Zn®™ has the 
best relative accuracy in the survey. It is interesting 
to note that Zn® displayed an rp of 1.8" at 6:7 Mev and 
that systematics of measurements of (p,pn) and (p,2n) 
cross sections at 22 Mev" also indicate a large total 
cross section for this isotope. If one bears in mind that 
there are a number of possible factors which can cause 
the (p,m) cross section to be substantially smaller than 
the total reaction cross section, (but it can in no way 
become larger), the raw experimental data may be 
regarded from two points of view. On the one hand the 
distribution of observed cross sections can be con- 
strued as indicating a rising sequence whose upper 
limit, represented by the large cross sections, indicates 
the true approximate value of the total reaction cross 
section for all isotopes. The total reaction cross section, 
following this picture, would vary only slightly from one 
smaller cross section would result. Ni* is a 1.0% isotope and the 
radioactivity from the product Cu“ is hence weak and difficult 
to observe. The situation is further complicated by the 18-hr 
(pa) activity from Ni** which made it necessary to follow decay 
curves for a very long time in order to accurately separate the 
18-hr and 12.8-hr activities. As a check on the adequacy of the 
decay curve analysis, a chemical separation was made in one run 
to eliminate the 18-hr activity, and the resulting value fell within 
the random scatter of determinations from the other runs. 

“ Blaser, Boehm, Marmier, and Scherer, Helv. Phys. Acta. 
24, 441 (1951). In this and all following instances where the data 
of this reference are interpreted in terms of nuclear radii, the 
radius quoted is that which results from application of the theory 


of reference 3. 
“ B. L. Cohen and E. Newman, Phys. Rev. 99, 718 (1955). 
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Fic. 1. (p,m) cross sections in millibarns. © —measured total (p,%) cross section for designated isotope ; O—partial (p,m) 
cross section leading to a particular isomeric state of the designated isotope; * —observed (,») cross section plus theoretical 
(p,2n) cross section estimate. Curves are calculated total reaction cross sections taken from reference 3 for three values of ro. 
The dotted bands indicate the spread caused by the distribution of bombarding energy. (Note: “Ro” in three places on the 


figure should read “‘ro.’”) 


isotope to the next in accord with the A! law and the 
small (p,m) cross sections observed in several cases 
would be an indication of substantial competition from 
other reactions. On the other hand, one might assume 
the observed (p,m) cross sections to be equivalent in- 
dicators of the total reaction cross section in all cases, 
so that one is left with a total reaction cross section 
which fluctuates rather violently, which is on the 
average rather small but still becomes very large in 
selected cases. The following examination of competing 
processes indicates the former of the above points of 
view to be more plausible. 

First of all, one notes the trivial case posed by the 
three isotopes Rb*’, Cd", and Cs™ for which it was 
possible to measure only the partial (~,) cross section 
leading to one of the isomeric states of the product 
nucleus. The total cross section must therefore be 
larger by at least the amount of (p,m) transitions to 
other isomeric states. In two cases, Cr® and Y®, it was 
possible to measure the cross section for each isomer, 
and in neither case was one of the isomers negligible. 
Thus, for the remaining cases where transitions to 
isomeric states were possible but unmeasured, it seems 
quite probable that the total cross section should be 
raised an appreciable amount. 

A second competing process which should be con- 
sidered is the case wherein the (p,m) reaction leaves a 
residual nucleus with sufficient energy for further 
particle emission, resulting in depletion of the number 
of residual nuclei and hence in a smaller observed (p,n) 
cross section. Thus, one might define a “true” cross 
section to be o’(p,n)=o(p,n)+0(p,np)+o(p,2n). With 
respect to the o(p,np) term, the excitation functions 
observed by Cohen ef al."* for o(p,np)+-0(p,pn) indicate 


% Cohen, Newman, Charpie, and Handley, Phys. Rev. 94, 620 
(1954). 


reactions of this type to be negligible to about 4 Mev 
above threshold, in the mass region covered in this 
experiment, presumably because of the kinetic energy 
which the proton needs to penetrate the Coulomb 
barrier. The application of this energetic criterion 
eliminates o(p,mp) for all isotopes except Ni®™. For 
Ni®, o(p,np) was calculated on the basis of statistical 
theory and found to be considerably less than the 
experimental error in o(p,n). Hence, for all cases o(p,np) 
may be neglected. On the other hand, (p,2”) reactions 
rise quite rapidly from their energetic thresholds and 
since, as the sixth column of Table I shows, the (p,2m) 
thresholds are in a number of cases below the 12-Mev 
bombarding energy, one expects a substantial con- 
tribution from this reaction. The amount of the (p,2n) 
contribution may, however, be quite reasonably esti- 
mated from the statistical theory of nuclear reactions, 
if one knows the (p,2m) threshold and the energy dis- 
tribution of the neutrons emitted from the initial com- 
pound nucleus. Following the development of Blatt 
and Weisskopf,'* one finds 


o' (pn) =o(p,n)(1+4Eon/T)— exp(AE 20/7), 


where AF;, is the excess of bombarding energy above 
the (p,2n) threshold and where 7 is a nuclear tempera- 
ture. For this calculation T was estimated by attaining 
a best fit to several known (x,2m) vs (x,n) ratios.’”"* The 
value obtained in this fashion was 7=1.8 Mev. With 
this value of 7, the o’(p,») cross section was calculated 
for all cases in which the bombarding energy exceeded 
the (p,2m) threshold. The resulting “true” (p,m) cross 
section estimates are indicated in Fig. 1 by *. The 


J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952). 

7 Bleuler, Stebbins, and Tendam, Phys. Rev. 90, 460 (1953). 

“A. I. Berman and K. L. Brown, Phys. Rev. %, 83 (1954). 
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threshold values used in this calculation were com- 
puted from the table of atomic masses of Cushman.” 
For three isotopes, no experimental mass information 
was available and values from the semiempirical mass 
formula were used. In these cases the corrected cross 
sections and thresholds are marked with a question 
mark to indicate their lack of reliability. 

The final substantial competing process which one 
must consider is the (p,p’) reaction. Corrections for 
this type of competition, made by application of the 
statistical theory of nuclear reactions,'* do not sub- 
stantially reduce the magnitude of the observed cross 
section fluctuations. Paul and Clarke” have observed, 
however, that for 14-Mev neutron-induced reactions 
the amount of proton emission can fluctuate by orders 
of magnitude about the theoretical prediction in the 
mass region surveyed. At 14 Mev, (n,p) cross sections 
of 100 to 200 mb were found quite often, and several 
still larger values were observed. Also, proton emission 
is energetically favored by an additional 5 Mev on the 
average, when the reactions are proton-induced, as in 
this experiment, rather than neutron-induced, as in 
Paul and Clarke’s work. Thus, on the basis of this data 
(p,p’) cross sections varying widely up to several 
hundred millibarns would seem quite likely, and could 
adequately account for the observed fluctuations in the 
(p,m) cross section. If one assumes this explanation of 
the fluctuations, it then follows, as mentioned before, 
that the observed (p,m) cross sections are a rising se- 
whose upper limit indicates the value of a 
slowly varying total reaction cross section. The radius 
of equivalent black square well thus implied is quite 
large, corresponding to an ro of at least 1.65 and more 
probably 1.7. The evidence for this large value of the 
total reaction cross section is indirect and hence must 
be considered as doubtful until direct absolute measure- 
ments of (p,p’) cross sections at these energies are 
made. In support of this view, however, one should 
note the large number of evidences of slowly varying 
total reaction cross sections**~™ which would be sharply 
contradicted if one were to accept the theoretical esti- 
mates for (p,p’) competition and the sharp fluctuations 
in total reaction cross sections thus entailed. 

On the other hand, in possible support of the alterna- 
tive picture of a sharply varying total cross section, 
should note the many successes of the shell model 
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* B. E. Cushman, University of California Radiation Labora- 
tory Report UCRL-2468, 1954 (unpublished 

* EF. B. Paul and R. L. Clarke, Can. J. Phys. 31, 267 (1953) 

®™ Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1948). 

=I. E. Dayton, Phys. Rev. 95, 754 (1954). 

™N. Nereson and S. Darden, Phys. Rev. 94, 1678 (1954) 

™* B. L. Cohen and R. V. Neidigh, Phys. Rev. 93, 282 (1954). 
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of the nucleus. On the basis of this theory, nuclear 
characteristics are in a large measure determined by 
the behavior of one or a few surface nucleons, and 
hence qualitatively one might expect rather large 
fluctuations in the values of properties, such as the 
total cross section, to result from the addition of a 
single neutron. Also it should be noted that the evi- 
dences mentioned above” for a relatively constant 
total cross section are all based on studies of natura! 
elements and hence an averaging over isotopes has 
taken place, which would tend to mask sharp fluctua- 
tions in the total cross section. This masking would be 
particularly effective if some systeraatic pattern of 
deviation existed about particularly stable nuclear 
configurations, as is perhaps plausible on the basis of 
the shell model. 

The fact that the total cross section does not sharply 
fluctuate with proton number could be an indication 
that the nuclear fringe (which essentially determines 
the cross section) consists primarily of neutrons as 
indicated by recent work of Hess.”* Thus, in view of 
these and other arguments, there appears to be, at 
present, insufficient evidence for definitely attributing 
the (p,m) fluctuations to (p,p’) competition, since the 
possibility of large total reaction cross section fluctua- 
tions cannot be wholly excluded. Direct measurements 
of (p,p’) total cross sections are needed in order to arrive 
at a definite conclusion on this point; they are planned 
as an extension of this survey. 

Finally, one should note that the results of the 
present survey when interpreted in terms of the equiva- 
lent black square well, give radii in essential agreement 
with previous charged particle total reaction cross 
section determinations."*.** The r° implied is quite large, 
being from 1.55 to 1.65 depending on which of the above 
views of (p,p’) competition is assumed. In terms of the 
optical model these large total reaction cross sections 
apparently imply an extensive and rather intense 
imaginary potential. It is hoped that theoretical work 
will soon indicate whether such strong absorption can 
be described with the presently assumed values of the 
optical model parameters. 
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Conversion electrons from the electric excitation of Ta’, Au’, and Pt have been studied with a 
magnetic spectrometer. From K/L ratios, multipolarities have been assigned to the following transitions: 
Ta 137 kev, 0.93 M1+-0.07 £2; Au 279 kev, 0.75 M1+-0.25 E2; Pt 210 kev; M1. Direct excitation of the 
77-kev level in Au has been observed with a reduced transition probability for excitation of (0.18+0.06) 
X10 cm‘ e*. Measured excitation functions indicate levels in Pt at 29 and 126 kev, instead of at 97 and 
126 kev, as assigned from radioactive decay studies. Apparent single-particle transitions in Au and Pt have 
E2 transition probabilities an order of magnitude larger than single-particle estimates. 





INTRODUCTION 


UUS and Bjerregaard' have shown that the study 

of internal-conversion electrons following electric 
excitation is feasible and that it provides information 
which cannot be obtained from the observation of the 
gamma rays. One can assign multipolarities of transi- 
tions by the measurement of K/Z conversion ratios or 
conversion coefficients; the increased resolving power 
permits the separation of close-lying lines which cannot 
be resolved with gamma-ray spectroscopy; and obser- 
vation of conversion electrons permits measurements of 
transitions in which the gamma rays may be obscured 
by background, in particular by the characteristic 
x-rays of the target. Furthermore, a knowledge of 
total conversion coefficients is necessary in order to 
determine absolute excitation cross sections. This is 
especially true for low-lying levels in heavy elements 
where the conversion coefficients are large. 

We have studied the conversion electron spectra from 
Ta, Pt, and Au, bombarded with protons or alpha 
particles from the Duke University 4-Mev Van de 
Graaff accelerator. The magnetic beta-ray spectrometer 
was of the wedge-shaped type? shown in Fig. 1. The 
vacuum chamber was constructed so that the bombard- 
ing particles strike the target at the normal source 
position. The acceptance angle of the spectrometer 
was 30° in the plane containing the beam, being centered 
at 90° with respect to the beam. The lateral acceptance 
angle was variable by means of baffles but was of 
similar magnitude. The target was supported by two 
aluminum posts attached to a circular Lucite plate so 
that beam current could be integrated when targets 
evaporated on thick backings were used. In the case 
of thin target foils, the beam was stopped in the insu- 
lated collector cup shown. Originally the target was 
placed at 45° to the beam, but it was found advan- 
tageous to decrease the angle to 20°. This increases the 
ratio of the yield to the target thickness seen by the 
emergent electrons. The electrons were counted with an 

t This work was supported by the U. S. Atomic Energy 
Commission. 

'T. Huus and J. Bijerregaard, Phys. Rev. 92, 1579 (1953); 
Phys. Rev. 94, 204 (1954). 


? Kofoed-Hansen, Lindhard, and Nielsen, Kgl. Danske Viden- 
skab. Selskab, Mat.-fys. Medd. 25, No. 16 (1950). 


end-window Geiger counter capable of withstanding 
external vacuum. The D-34 counter (Nuclear Instru- 
ment and Chemical Corporation) used for some of the 
measurements has a 1.4-mg/cm* mica window, and 
absorption corrections were made using the results of 
Saxon.’ Later a counter was constructed with a 0,0025- 
inch (0.8-mg/cm*) Mylar window. Several of the pre- 
viously measured spectra were rerun with this counter 
to check the window absorption corrections. The agree- 
ment was within 5%. 

It was necessary to use very thin targets to minimize 
self-absorption of the beta particles. In the case of Au, 
thin foils were used. The Pt was electroplated on copper, 
and the Ta target was made by vacuum evaporation 
on copper. Except for the Au target used for observation 
of the 279-kev transition, all targets were less than 
0.4 mg/cm* thick to the electrons. 

The main source of background in the experiment 
was “stopping electrons” ejected from the atomic 
shells of the target atoms by the bombarding particle. 
Zupancié and Huus* have determined experimentally 
an approximate expression for the cross section for 
this process. 


da = 10~"*Z Pe*(E,/A;)'Z Ey "dE, (1) 


where Z; is the charge, A, the mass, and EZ, the energy 
of the bombarding particle. Z, is the atomic number of 
the target and &, is the energy of the ejected electron. 
It is evident that the target backings should be of much 
lower atomic number than the element investigated. 
Furthermore, a consideration of Eq. (1) along with the 
cross section for electric excitation, given below, shows 
that the kind of bombarding particle one should use is 
determined by the machine energy available, the energy 
of the level to be excited, and the Z of the target. For 
our 4-Mev machine, alpha particles were preferred over 
protons for most of the levels studied. Deuterons gave 
a high background in the Geiger counter and hence 
were not used. 

Assignment of multipolarities from K/L conversion 
ratios and absolute conversion coefficients were found 
by using interpolated values from the theoretical calcu- 


* D. Saxon, Phys. Rev. 81, 639 (1951). 
*C. ZupanGé and T. Huus, Phys. Rev. 94, 205 (1954). 
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lations of Rose.’ Experimental K/L ratios were found 
by measuring the areas under the K and L conversion 
lines and dividing each area by the Hp value at the 
position of the line. It is estimated that the K/L ratios 
are accurate to better than 10%. The main sources of 
error are background subtraction and absorption cor- 
rections 

Values of the reduced £2 transition probabilities for 
excitation were obtained by comparison with the 279- 
kev transition in Au'®’, which has, according to Stelson 
and McGowan,‘ a value B,.(£2)=0.334X10-* cm‘ é. 
In finding relative transition probabilities from relative 
have used the theoretical results of 
Alder and Winther’ for £2 excitation: 
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Fic. 2. Electron spectrum from thin Ta target evaporated on Cu, 
bombarded with 3.45-Mev alpha particles 
*M. E. Rose in Bela and Gamma Ray Spectroscopy, edited by 


K. Siegbahn (North Holland Publishing Company, Amsterdam, 
1955), Chap. 14; also M. E. Rose (private communication). 
*P. H. Stelson and F. K. McGowan, Phys. Rev. 99, 112 (1955). 
’K. Alder and A. Winther, Revs. Modern Phys. (to be 
published). 


LEAD BAFFLES — 


The indices 1 and 2 refer to the projectile and target 
nucleus respectively, and 2; and 2, are the initial and- 
final velocity of the bombarding particle. The function 
fe2(t) has been evaluated by the above authors. The 
reduced transition probability for decay B,(E2) is 
related to F..(E2) by 


Ba( E2)= Bex(E2)(2Io+1)/(27+1), (4) 


where J is the ground-state spin and J is the spin of 
the excited state. The values of B(E2) given in the 
text are in units of 10-* cm‘ é’. 

The results obtained are summarized in Table I. 


TANTALUM 


Since the Ta target was evaporated, the absolute 
thickness was not known. Therefore, only K/L ratios 
could be obtained for the observed transition. The 
electron spectrum from Ta bombarded with 3.45-Mev 
alpha particles is shown in Fig. 2. One sees the K, L, 
and M conversion lines from the 137-kev transition. 
The cross section for excitation of the 303-kev level is 
small at this alpha energy. Thus, we do not see con- 
version from it or from the 166-kev cascade between the 
two levels. Analysis of the spectrum indicates a K/L 





. e 5 ° ° . . * 
ratio of 6.3. From the theoretical conversion ratios of 
TABLE I. Summary of results.* 
——— = —— = = + 
Leve Ba(E2) » 
Nu energy Multipolarity 
leus Ie ke [ of decay Bes ( E2 Ba(E2) Bep(E2 
Ta’ 7/2* 137 9/2* 093M140.07E2 
Ay® 3/2 77 1/2° M1+E2 0.1840.06 0.36 29 
268 3/2° M1+E2- 0.134008 0.13 9 
279 $/2* ©O.75M1+0.2SE2 0.3344 0.223 16 
Pom 1/2 29 «3/2 M1+E2 
. , +0.1 
126 5/2 Ex 05755; 0.16 i 
210 «3/2 Wi 0.520.115 0.25 18 
240 (5/2 E2 an 


* By. (F2) and Bs(E2) are given in units of 10° cm‘ & 

> B,,(E2) is the reduced transition probability for a single proton 
transition 

* Always cascades via 77-kev level 

4 All Bex (£2) are relatiye to this value taken from Stelson and McGowan, 
reference 6 

* Cascades > 90% via 29-kev level, reference 20 











INTERNAL CONVERSION 








ELECTRONS 








2400- THIN GOLD 
3.50 MEV PROTONS 
2000+ Ker 
16004 “""Yeope 
Fic. 3. Electron spectrum 
from thin Au foil bom- 
barded with 3.50-Mev pro- !2004 
tons. Background is almost 
entirely due to stopping 
electrons. 800-4 
400+ 
0 ‘ 
45 50 55 60 65 


7.1 for M1 and 1.0 for E2 one obtains a multipolarity 
mixture of 93% M1+7% E2. This is in general agree- 
ment with the previous gamma ray and conversion 
electron measurements':* which indicate about 80 to 
95% M1. 

GOLD 


Low-lying levels in Au’, taken from beta decay, 
appear at 77, 268, and 279 kev. An additional level at 
550 kev has been observed in electric excitation.*:*"” 
The levels at 279 and 550 kev have been identified as 
rotational levels. Figure 3 shows part of the electron 
spectrum from proton bombardment of a thin gold 
target. One sees K, L, and M conversion lines from the 
279-kev transition, and the 1 and M conversion lines 
from the 191-kev cascade from the 268 to the 77-kev 
level. As in beta decay, we do not observe the cross- 
over transition from the 268-kev level to the ground 
state. The K/L ratio for the 279-kev transition is 5.5. 
Using the theoretical K/L values of 6.1 for M1 and 2.0 
for E2, we obtain a mixing ratio" of 75% M1 to 25% 
E2. This implies a total K conversion coefficient of 
0.32. The K/L ratio and K conversion coefficient are 
in agreement with those measured in beta decay.” The 
gamma-ray angular distribution measurements.” give 
a slightly different mixing ratio than the above, but in 
this particular case the angular distributions are not 
very sensitive to the mixing ratio. 





*F. K. McGowan, Phys. Rev. 93, 481 (1954) 
*W. I. Goldburg and R. M. Williamson, Phys. Rev. 95, 767 
(1954). 

® Cook, Class, and Ensinger, Phys. Rev. 96, 658 (1954). 

"The mixing ratio of €0O% M1+40% E2 quoted by these 
authors [Phys. Rev. 99, 617(A) (1955) ] was based on empirical] 
K/L ratios which we feel are not as reliable as the recent 
theoretical calculations of Rose 

Huber, Halter, Joly, Maeder, and Brunner, Helv. Phys. Acta 
26, 591 (1953). 

™F. K. McGowan and P. H. Stelson, Phys. Rev. 99, 127 
(1955). 





The Z and M conversion lines from the 77-kev level 
excited with alpha particles are shown in Fig. 4. This 
target was one-eighth the thickness of the one used for 
the higher energy transitions. Since the K x-rays of 
gold are of approximately the same energy as the 77-kev 
gamma ray the only previous direct evidence for the 
transition in electric excitation is from the shape of 
the x-ray line.'* In order to determine whether there was 
direct excitation of this level, we have measured the 
excitation function of the 1 conversion line with alpha 
particles. The results are shown in Fig. 5. The data are 
also consistent with #1 excitation, but this is ruled out 
by the parity assigned from beta decay. Since the 77-kev 
level is fed also by a cascade from the 268-kev level, 
one might expect the experimental! points to fall some- 
what higher than the theoretical curve at the high 
bombarding energies. However, from the evaluation of 
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Fic. 4. L and M conversion lines of the Au 77-kev transition 
excited by 3.25-Mev alpha particles. 
ot - P. Heydenburg and G. M. Temmer, Phys. Rev. 93, 906 
(1954). 
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the cross sections for excitation one finds that the 
contribution to the 77-kev yield resulting from a cascade 
from the 268-kev level is less than 10% at the highest 
alpha energy used. 

A complete level diagram of gold is shown in Fig. 6. 
With the above data and measured conversion coeffi- 
cients one can find relative values of B,(£2) for 
the three transitions observed. They are B,.(E2) 
279/Bea(E2) 268=2.5+0.8 and B,.(E2) 279/B,.(E2) 
77=1.83+0.4. Using the value of B,.(£2) 279=0.334, 
we obtain B,,(£2) 77=0.18+0.06. Recently, Sunyar"® 
has measured the half-life of the 77-kev level. In calcu- 
lating the transition probability for this state, he used 
a total conversion coefficient of 5.9 estimated from the 
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Fic. 6. Level diagram of Au™’, showing transitions 
observed in electric excitation 
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unscreened calculations of Gellman, Griffith, and 
Stanley.'* However, from the recent screened calcu- 
lations of Rose using a M1 to £2 ratio'’ of 7 one obtains 
a total conversion coefficient of 3.5. We have used the 
latter value which agrees with radioactive decay meas- 
urements."? This conversion coefficient and the half-life 
lead to the value B,.(£2)=0.15 for a spin of $ for this 
state and 0.30 for a spin of }. Our value of 0.18 favors 
the spin 4. The } spin is also favored from beta decay 
measurements. It should be noted that the shell model 
predicts an s, state close to the ground state. 

From radioactive decay studies it is found that the 
electron capture and beta decay from the ground states 
of the isotopes on either side of Au'” go to the 77- and 
268-kev levels and not to any other levels. This suggests 
that the 77- and 268-kev levels have the same or similar 
intrinsic structure. In view of this and the fact that the 
spins are } and } respectively, it is tempting to infer 
that these levels belong to a rotational band with a 
different particle configuration than the ground state. 
That is, that the 268-kev level is the first rotational 
level above the 77-kev single-particle state. 

The reduced £2 transition probabilities for decay of 
the 77- and 268-kev levels are on the order of 29 and 9 
times single-particle estimates. Bohr and Mottleson 
have pointed out that from a consideration of the 
coupling of particle and collective motions an enhance- 
ment of the £2 transition probabilities of about an 


* Gellman, Griffith, and Stanley, Phys. Rev. 85, 944 (1952). 
J. W. Mihelich and A. de-Shalit, Phys. Rev. 91, 78 (1953). 





INTERNAL CONVERSION 


order of magnitude is to be expected for single-particle 


transitions.'*.!9 
PLATINUM-195 


Gamma rays of 29, 98, 128, 210, and 240 kev have 
been observed in electric excitation of Pt'®. Transitions 
in Pt!* of 29, 97, and 126 kev are observed” in electron 
capture of Au'®. From the latter, the gamma rays were 
assigned to levels at 97 and 126 kev; the 29-kev gamma 
ray was identified as being the cascade between these 
levels. 

We have measured the excitation function of the 
97-kev L line with alpha particles. The experimental 
results, together with the theoretical curves for excita- 
tion of 97- and 126-kev levels, are shown in Fig. 7. 
The curves are normalized at the lowest experimental 
point One sees that the cross section for the 97-kev 
transition rises faster with energy than the theoretical 
prediction for a level of this energy, and instead rises in 
accordance with the prediction for the excitation of a 
126-kev level. Since Au'® decays 35% of the time 
to the 126-kev level and 65% to the lower level, one 
would expect these states to be somewhat similar in 
character and, therefore, to have reduced £2 transition 
probabilities of similar magnitude. Then one would not 
expect a large excitation of the higher level relative 
to the lower, especially since the other factors in the 
excitation cross section are larger for the lower level. 
The data provide strong evidence, therefore, that the 
levels are at 29 and 126 kev, with a 97-kev cascade 
transition between them. To verify this assignment, 
we have measured the energy dependence of the 29-kev 
transition. This could not be done with conversion 
electrons in the present experimental arrangement be- 
cause of the low transition energy. Instead, the yield 
of the 29-kev gamma ray from a thick target was 
measured with a Nal scintillation counter. Its yield 
was much larger than that of the 97-kev gamma ray 
at low bombarding energies and increased much too 
slowly to be a member of a cascade from the 126-kev 
level. Both effects indicate direct excitation of a level 
at 29 kev. The presence of A x-rays and uncertainties in 
gamma ray absorption presented quantitative measure- 
ments on the relative intensities of the two gamma rays. 
We have not observed the conversion electrons of the 
126-kev transition, but this cross-over has been shown 
to be less than 10% of the cascade.” 

The K and L conversion electrons from the 210-kev 
level are shown in Fig. 8. Frora the data one obtains 
a K/L ratio of 6. This agrees with the theoretical pre- 
diction for an M1 transition. We conclude, therefore, 
that there is less than 5°% £2 admixture. For M1, the K 
conversion coefficient is 0.9. Although the excitation 


4A, Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab, Mat.-fys. Medd. 27, VII b, iii (1953). 

* A. Bohr and B. R. Mottelson in Bela and Gamma Ray Spec- 
troscopy, edited by K. Siegbahn (North Holland Publishing Com- 
pany, Amsterdam, 1955), Chap. 17, IVA, iv. 

® de-Shalit, Huber, and Schneider, Helv. Phys. Acta 25, 279 
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Fic. 7. Excitation function of the LZ conversion line for the 
97-kev transition in Pt under alpha particle bombardment. 
Theoretical curves for excitation of levels at 97 and 126 kev and 
the experimental] data are all normalized at the lowest energy. 


function has not been measured for this transition, we 
assume the excitation is £2. By comparison with the 
279-kev transition in gold, we find B,,(£2)=0.5+0.15. 
Since the ground-state spin of Pt'® is 4~, £2 excitation 
and M1 decay uniquely assign a spin and parity of } 
to the 210-kev level. 

We do not observe conversion electrons from the 
240-kev transition. Using the relative gamma-ray yields 
of Stelson and McGowan® we conclude that the K 
conversion coefficient for this transition is less than 0.2. 
This suggests an £2 transition with a probable spin 
and parity of 5/2- for the 240-kev level. The level 
diagram for Pt'® is shown in Fig. 9. 

As mentioned above, the radioactive decay studies 
suggest that the 29-kev and 126-kev levels have the 
same intrinsic structure, but differ from the configura- 
tion of the ground state. Thus, it seems reasonable to 
assign the 210- and 240-kev levels as rotational states 
of the ground-state particle configuration, and to assign 
the 126-kev level as the first rotational state above the 
29-kev single-particle state. Such remarks are specula- 
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Fic. 8. K and L conversion lines of the 210-kev transition 
in Pt™ excited by 4-Mev alpha particles 
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Vic. 9. Level diagram of Pt™, showing transitions 
observed in electric excitation 


tive but both Au'” and Pt'® seem to be consistent 
with such a picture. Using the measured” conversion 
coefficients for the 97-kev transition in Pt and assuming 
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that the 126-kev level cascades 90%, of the time, we 
find B..(E2) 126=0.5_3*°4 and By(E2)=0.16. Thus, 
the reduced £2 transition probability for decay of the 
126-kev level is much larger than the value to be 
expected for a single-neutron transition, and of the 
same order as the enhanced single-proton E2 transition 
probabilities in Au'®’. This is, of course, to be expected 
if the major contribution to the transition probability 
is due to the induced motion of the nuclear surface.'*'’ 
The enhancement of £2 transition probabilities for 
single neutron transitions has also been cbserved® in 
Pb” and Pb”. 

The writers wish to thank Dr. L. W. Nordheim and 
Dr. R. M. Williamson for helpful discussions and other 
members of the nuclear physics group for aid in taking 
data. We would like to thank also Mr. Fred Egli and 
Mr. Robert Rummel! for assistance in constructing the 
electronic equipment. 
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Measurements of the angular correlation of the two-step transition in Te’* and Te™ have been made using 


a thin Te source (<lyg/cm? 
} 


version-K conversion cascades were investigated in | 


K conversion electron-gamma, L conversion electron-gamma and K con- 
oth isomers using a thin lens beta spectrometer as the 


fixed detector and scintillation counters for the movable detector. The measured correlation was found to be 


of the form 1+A>P; 
spin sequence in the tellurium isomers (11 
are —0.097+0.004, —0.092+0.009, 
and 0.015+0.007, 


2). 


cos#) in agreement with the theoretically predicted angular correlation for the known 
2-—+3/2-+1 
-0.06+0.03 for the K-y, L-y, and K-K cascades respectively in Te! 
0.007 +0.007, and —0.10+0.04 for the same cascades in Te’®. Comparison of the 
results of the K-y cascades with theory shows that the second transition is a mixture of (1.3+0.1 


The measured values of A; corrected for geometry 


percent 


F2 and 98.7 percent M1 in Te™ and (5.6+0.5) percent E2 and 94.4 percent M1 in Te. The ratio of reduced 
matrix elements is plus in both cases using the Biedenharn and Rose notation. The results for the K-K 


angular correlation are consistent with the K 
are smaller than the M4 
action of extra-nuclear fields 


I. INTRODUCTION 


and Te™ have 
The decay 


HE radiations from isomeric Te™ 
been studied by many investigators." 
schemes shown in Fig. 1 are well established. Measure- 
ment of the K conversion coefficient?* and K/L ratio’ 
show that the second transition in both isomers is 
predominantly M1 although a small admixture of £2 
cannot be excluded. The measurement of the directional 
correlation of the two-step transition is a sensitive 
t This work has been supported in part by the Office of Ordnance 
Research, U. S. Army 
* Now with the Physics Department, Washington University, 
St. Louis, Missouri. 
1 See Hollander, Perlman, and Seaborg, Revs. Modern Phys 
25, 469 (1953) for a list of references. 
? Katz, Hill, and Goldhaber, Phys. Rev. 78, 9 (1950 
’F. K. McGowan. Phvs. Rev. 93, 163 (1954) 


7 correlations and are used to prove that the correlations, which 
M1 correlation, cannot result from reduction of the M4— M1 correlation by the 


method of determining the amount of this admixture. 
Preliminary measurements of the K conversion electron- 
gamma directional! correlation in both isomers have been 
reported previously.‘ This paper describes additional 
correlation work on these isomers and presents details 
of the various measurements. 


Il. SOURCE PREPARATION 


The mixed Te™ and Te™ activity was made via the 
(d,2n) reaction by cyclotron irradiation of naturally 
occurring antimony with 15-Mev deuterons. The high 
specific-activity source required for this experiment to 
avoid scattering of the low-energy electrons was pre- 


* N. Goldberg and S. Frankel, Phys. Rev. 93, 1425 (1954) 
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pared by the following procedure*: One gram of the 
bombarded antimony and 1 mg of tellurium-free se- 
lenium were dissolved in aqua regia, heated to dryness, 
and then redissolved in 3V HCl. Both the selenium and 
the radioactive tellurium were precipitated by bubbling 
SO, through the solution. The selenium acts as a carrier 
which eliminates the necessity of adding Te carrier in 
this step. The precipitate is now dissolved in the smallest 
possible quantity of 12V HCI (about 5 ml). One micro- 
gram of Te, which had been dissolved in aqua regia, 
heated to dryness, and then redissolved in 12N HCl, 
was added as a carrier. This very small amount suffices 
because we have only a very small amount of material 
at this point, the great bulk of material being removed 
in the first separation. SO, is again bubbled through the 
solution. Only Se is precipitated with 12N HCl, the 
Te remaining in solution. By this method a source of 
100 ucuries activity having a mass of 1 wg was prepared. 

The Te was vacuum evaporated from a small pyrex 
oven onto a thin formvar film (<9 uwg/cm*) which had 
been coated with either aluminum or silver conducting 
layers (<4 yug/cm?). The thickness of the source 
material itself was less than 1 wg/cm?. 


Ill. APPARATUS AND MEASUREMENTS 


In each of the cascades studied conversion electrons 
were the detected radiation in at least one of the 
transitions. A thin-lens beta spectrometer was employed 
in order to separate the conversion electrons of Te™ 
and Te™ unambiguously. A scintillation counter using 
a terphenyl crystal and an E. M. I. photomultiplier tube 
was used for the detection of the electrons. An electron 
spectrum taken with the lens spectrometer is shown in 
Fig. 2. A comparison of the shape of the low- and high- 
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Fic. 1. Decay schemes of Te™ and Te™. 


® We are indebted to Dr. G. Friedlander, Brookhaven National 
Laboratory, who suggested this method. 
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Fic. 2. Conversion electron spectrum of Te™ and Te™. 


energy electron lines shows that inelastic scattering is 
completely negligible. 


Electron-Gamma Cascades 


A scintillation counter consisting of a thallium- ‘ 
activated Nal crystal mounted on an RCA 5819 photo- 
multiplier was used to detect the gamma ray from the 
second transition. The source chamber used in these 
measurements was made of Lucite to minimize the 
absorption and scattering of the gamma rays. A dia- 
gram of the source chamber, which is mounted on the 
lens spectrometer and is a part of the vacuum system 
of that instrument, and the phototube used to detect 
the gamma rays is shown in Fig. 3. A gamma spectrum 
taken with a single-channel pulse-height selector is 
shown in Fig. 4. The peak at 80 volts is due to gamma 
rays in Sb™ not in coincidence with the two-step cascade 
in Te™, There is no evidence of the 82- and 88-kev 
transitions in the gamma spectrum because they are 
very highly converted. 

The electronic components of the two counting 
channels and the coincidence circuit were of conven- 
tional design. The resolving time of the four-channel 
coincidence circuit was 0.2 microsecond. The accidental 
coincidence rate was less than 5 percent of the total 
coincidence rate in all the cascades measured. 

In measuring the K electron-gamma cascade in Te™, 
the lens spectrometer was set on the K conversion 
electron peak of the 89-kev transition while the gamma 
detector discriminator level was set below the full- 
energy peak due to the 159-kev gamma as indicated in 
Fig. 4. Enough coincidences were collected at the 90°, 
120°, 135°, 150°, and 180° positions of the movable 
gamma detector to confirm that the correlation was of 
the form 1+-A»P;(cos#). The remainder of the data was 
collected at the 90° and 180° positions only. 

To check the possibility that the anisotropy was 
sensitive to the backing material, this cascade was 
measured with two different sources, one with silver, 
the other with an aluminum conducting layer. The 
anisotropy was also measured with the source reversed 
so that the detected electrons went through the backing 
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Fi. 3. Source chamber and gamma detector. Thickness of 
Lucite between source and Nal crystal is 0.050 in. 


material. The attenuation of the anisotropy due to the 
scattering of the electrons by this amount of material 
was estimated® to be less than 1 percent. The results 
of these measurements are shown in Table I in terms 
of A which is defined as [W(x)/W(x/2)]—1, where 
W (x) and W(x/2) are the true coincidence rates at the 
x and x/2 positions of the movable counter respectively, 
normalized with the product of the singles rates in each 
detector. These results are consistent with the scattering 
calculations and the assumption that the anisotropy is 
independent of the backing material. 

Measurements of the K electron-gamma cascades in 
Te™ were made by setting the lens spectrometer to 
detect the K electrons from the 82-kev transition and 
fixing the discriminator level of the gamma detector as 
indicated in Fig. 4, by the arrow marked Te™. 

The measurements of the L electron-gamma cascade 
were made in an exactly analogous manner except that 
the lens spectrometer current was set to detect L instead 
of K conversion electrons. 
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K Electron—K Electron Cascades 


A diagram of the source chamber used for these 
measurements is shown in Fig. 5. A scintillation counter 
consisting of 7 in. thick terpheny! crystal and a 6292 
Dumont photomultiplier was employed to detect the 
conversion electrons from the first transition. The 
crystals are mounted inside the source chamber, which 
is open to the vacuum system of the lens spectrometer, 
in order to avoid absorption and scattering of the elec- 
trons by air and the chamber walls. These crystals are 
fixed at angles of 90°, 135°, and 180° with the axis of 
the spectrcmeter. Thus the movable counter was not 
continuously variable. Light from the crystal was 
transmitted to the photomultiplier outside the source 
chamber by a } in. long Lucite light pipe. A shield, not 
shown in the diagram, could be manipulated from 
outside the vacuum through an O-ring seal to cover the 
two crystals not being used. A pulse-height spectrum 
made with this detector is shown in Fig. 6. In order to 
measure the coincidence rate for K electrons only, the 
output of this detector was fed into two separate 
coincidence circuits. The discriminator level on one 
was set so that both K and J electrons were counted; 
the other accepted only the higher-energy L electrons. 


Taste I. Anisotropy of the K electron-gamma cascade 
in Te™ under various conditions. 








Experimental condition , A= (W(e)/W(2/2))]-1 


—0.132+0.006 
—0.143+0.020 
—0.140+0.017 





Aluminum backing 
Silver backing 
Source reversed 








The discriminator positions are shown by arrows in 
Fig. 6. Two separate circuits, counting simultaneously, 
detected coincidences of these pulses with the output 
of the lens spectrometer which was set to detect K 
electrons from the second transition, i.e., the 214-kev 
transition when measuring the Te'™ cascade and the 
159-kev transition for the Te'™ cascade. The difference 
of the coincidence rates in the two channels was due to 
the K electron—-K electron cascade. From the spectrum 
in Fig. 6, it is clear that by biasing one electron detector 
in the valley above the slight K-electron peak complete 
elimination of L electrons cannot be obtained, although 
analysis of the spectrum shows that this number is 
small. The presence of L electrons would not appreciably 
affect the correlation since our 2-gamma angular cor- 
relation in Te™ shows that the K-gamma and L-gamma 
correlations are the same within +10 percent. 

Values of A>, the coefficient of the P2(cos#) term in 
the angular distribution, were determined for each 
cascade and are displayed in Table II. These results 
have been corrected for the finite solid angle of the 
detectors.* Corrections for the finite size of the source’ 
are negligible. 


7A. M. Feingold and S. Frankel, Phys. Rev. 97, 1025 (1955). 

















IV. INTERPRETATION AND DISCUSSION 


The angular correlation for all of the tellurium 
cascades is of the form 


W (0) =1+AsP2(cos#). 


If one of the transitions is not a pure multipole, e.g., 
a mixture of M1 and £2, the A; isa function of 8 where 


@ intensity E2 y/ray 
1—6* intensity M1 y-ray” 


It has been shown that 6 is a real number,* but that it 
can have either a positive or negative sign. In addition, 
if one of the transitions is detected via the conversion 
electrons instead of by the gamma ray, the A,’s are 
changed from their values for a gamma-gamma cascade. 
Rose, Biedenharn, and Arfken® have given the co- 
efficients when the gamma rays are replaced by K 
conversion electrons. If the transition in which the K 
conversion electron is detected is a pure multipole, the 
coefficient is found by multiplying the coefficient for 
the gamma-gamma case by a parameter. A:(e—7) 
=b,(e~)As(y—7y). The parameter }.(e~) does not 





(1) 


Tas e II. Experimenta! values of angular correlation coefficient 
A; corrected for finite solid angle of detectors. 











Isomer Cascade As 
121 Ke—y —0.015+0.007 
121 Le-—y —0.007 4-0.007 
121 Ke —Ke- —0.10 +0.04 
123 Ke —-y —0.097 +0.004 
123 leo-—y —0,092+0.009 
123 Ke —-Ke“ —0.06 +0.03 








depend on # if the other transition is a mixture of 
multipoles. However, if the transition in which the 
electron is detected is not a pure multipole, the func- 
tional dependence of the A; on 8 is changed. Tables for 
finding the A’s for all of these cases appear in the review 
paper of Biedenharn and Rose.” Figure 7 shows the 
dependence of Az on 8 for the K electron-gamma 
(mixed) and K electron-K electron (mixed) cascades 
in Te™ and Te™. 

It is interesting to note that the measurement of 
both the electron-gamma (mixed) and electron-electron 
(mixed) correlations enables one to determine, in ad- 
dition to the mixing ratio, 8, that most elusive quantity, 
the attenuation of the correlation due to extra nuclear 
fields. This attenuation can be caused by a number of 
different factors." The attenuation cannot be deter- 
mined when electron-gamma (mixed) and gamma- 
gamma (mixed) correlations are measured in the same 


*S. P. Lloyd, Phys. Rev. 81, 161 (1951). 

* Rose, Biedenharn, and Arfken, Phys. Rev. 85, 5 (19572). 

® L. C. Biedenharn and M. E. ‘Rose, "Revs. Modern Phys, 25, 
729 (1953). 

" H. Frauenfelder in Beta and Gamma Ray Spectroscopy, edited 
by Kai Siegbahn (North-Holland Publishing Company, Am- 
sterdam, 1955), Chap. XIX. 
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Fic. 5. Source chamber for e-e correlation measurements. 


isomer. This can be seen as follows: we let g (g=1 
indicates no attentuation) be the attenuation factor; 
then the experimentally measured quantities in the 
three cases are 


Ad(y—-y mixed) = go/2(8), 
A;(e—y mixed) = gabof2(8), 
A;(e—e mixed) = gsbsh2(8), (2) 


where f and A are two different functions of 8 which are 
known from the theory. The measurement of the first 
two yields only the product of g2f:(8) and an experi- 
mental value of b; which is also known theoretically. 
Thus can be determined only if g is known. However, 
measurement of the last two cascades leads to a unique 
value of both 8 and g. This is due of course to the fact 
that the functional dependence of the coefficient on 8 
is different in the two cases. 

The large uncertainty in our measured A,’s for the 
electron-electron cascades prevents an accurate deter- 
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mination of the attenuation factor g by the method 
outlined above. In spite of this large uncertainty the 
electron-electron results do confirm that 8 is small in 
agreement with K conversion and K/Z ratio measure- 
ments. The electron-electron results also show that 
attentuation of the correlation by extra nuclear fields 
cannot account for the observed anisotropies in both 
cascades which are lower than the theoretical M4—M1 
prediction. The measured values of A; in the electron- 
electron correlations are larger than the theoretical 
values obtained if one were to assume that the reduced 
electron-gamma correlations resulted from perturbation 
of the intermediate state. The absence of perturbations 
due to extra nuclear fields is perhaps expected in view 
of the short lifetime of the intermediate states." Only 


ORL Graham and R. E. Bell, Can. J. Phys. 31, 377 (1953) 
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if the moments of the excited states in Te™ and Te™ 
were appreciably different could we expect extra nuclear 
fields to produce a factor of six in the measured cor- 
relations for Te™ and Te™ since the physical environ- 
ment for both isotopes in our source was identical. 
From the K-y results shown in Table II, the mixture 
ratio [Eq. (1)] is found to be 0.013+0.001 in Te™ 
and 0.056+-0.005 in Te™. To obtain these results, we 
have had to extrapolate the values of bx to low energies. 
We have used the value b..=1.070+0.005 for both 
isomers. 

The absolute value of the E2 matrix element of Te™ 
may be obtained frm the ratio of £2 to M1 intensities 
found in our experiments and the measured lifetime of 
the intermediate state.” The lifetime of this state in 
Te™ has not been measured but can be estimated by 
assuming the radial matrix elements to be identical 
with those in Te™. The 4/1 transition probabilities are 
assumed to follow the theoretical energy dependence 
as shown experimentally by Graham and Bell.” We 
find that the square of the E2 matrix element for Te™ 
is four times larger than that predicted by the generous 
Blatt and Weisskopf® estimate for odd-proton transi- 
tions. For Te™ the square of the E2 matrix element is 
eight times larger. Both are much larger than the crude 
single-particle prediction for odd-neutron transitions." 

With a knowledge of S*, the Z electron—-gamma results 
can be used to determine the 5.;, the number which 
multiplies the A, for the gamma-gamma cascade to 
change it to the A, for the Z electron-gamma cascade. 
We find be; is 1.0+0.1 from the Te™ data and 0.6+0.6 
from the Te™ data. These values should be about the 
same for both isomers. Theoretical calculations of the 
values have not yet been made. 
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Photodisintegration of C’* and O"* 
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Measurements have been carried out on the distribution in energy and angle of the alpha particles from 
485 C® and 57 O" disintegrations induced by bremsstrahlung of 27- and 33-Mev maximum energy. These 
measurements yield information on the energy levels in Be*, C®, and O". 





N order to enable us’ to repeat his measurements! 
on the energy levels of C”, the late Professor F. K. 
Goward kindly donated to this institute two 200u 
E-1 plates which had been exposed to bremsstrahlung 
of maximum energy 27 Mev and 33 Mev, respectively. 
In addition to scanning the plates for 3a stars from 
the reaction y+C*—+C"*-+3a(0= —7.28 Mev), we also 
recorded 4a stars from the reaction y+O'*—+0'*—-4a 
(Q=—14.5 Mev). 

To increase the accuracy of the measurements, only 
those stars, all of whose prongs lay approximately 
within the plane of the emulsion, were accepted for 
analysis. The measurements consisted of determining 
the range and orientation, with respect to the incident 
beam direction, of each prong of each star. From these 
measurements we derived the total kinetic energy 
associated with each disintegration and the momentum 
balance in three dimensions.? Measurements which 
gave a deviation of more than 1 Mev!, in the momentum 
balance, were discarded. All the stars which withstood 
the above selection criteria were assumed to be due 
either to photodisintegration of C” or O'* depending 
upon whether the star contained three or four prongs. 
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Fic. 1. Number of C” disintegrations as a function of the sum 
of the kinetic energies of the three alpha particles (E,..). The lower 
abscissa scale refers to the excitation energy of C™. 


'F. K. Goward and I. 1. Wilkins, Proc. Roy. Soc. (London) 
217, 357 (1953). 

? For further details see V. DoboviSek, Reports of the J. Stefan 
Institute SAZU, Ljubljana, Yugoslavia, 1954. 


Of 500 C™ stars measured, 485 were accepted on the 
basis of the above momentum balance criterion. 
Figure 1 displays the number of events as a function 
of the sum of the kinetic energies (E,») of the three 
alpha particles. In any given event the energy of the 
photon responsible for the disintegration is given by 
Ew: +7.28 and this sum therefore corresponds to the 
excitation energy of the C® nucleus which underwent 
disintegration, as is indicated by the lower abscissa 
scale. Peaks in the energy distribution therefore 
correspond to levels in C®. It is seen that at the high 
excitation energies involved in the present experiment 
most of the levels are too closely spaced to be clearly 
resolved. The dotted histogram represents the data of 
Goward and Wilkins. The two experiments appear to 
be in substantial agreement. 

If one assumes that the photodisintegration of C” 
proceeds by the following two-step process: 


(1) C"*-+Be**+a, (the energy of a; will be referred 
to as £;). 
(2) Be*—+2a. 





2y ee ee oe ee ee ee ee 
0 2 4 6 i] 0 


- Be’ EXCITATION ENERGY (MEV) 


NUMBER OF STARS 








os t0oe ae, 
EWERGY OF a, (MEV) 
Fic. 2. (A) Number of stars os Be* excitation for all 


C* events for which Ey.<12.5 Mev. (B) Distribution in energy 
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(B) Number of stars os Be* excitation energy for all C* events for 
which 2uy«> 12.5 Mev 


a a | 
ANGLE BETWEEN a, AND 
DIRECTION OF THE y RAYS 


pu, 


a 


ae 
a 


NUMBER OF STARS 


| 
Q 3 5 7 


ENERGY OF a (MEV) E,74%5E 


Fic. 4. (A) Angu- 

iar distribution of the 

[Lf LJ first emitted alphas 
-20°  -60° lid 40° 
ANGLE BETWEEN a, AND 

DIRECTION OF THE » RAYS 


and E,:>tEw. (B 
“nergy distribution 
of a for Ever < 18.0 
Mev and E:~tkuwn. 
C) Angular distri- 
bution of the first 
emitted alphas for 
| Eu, >18.0 Mev and 
E,\tEw. (D) En- 
, | ; ergy distribution of 
5 | | @ for FEu.>i80 
. pu Mev and E,:>4Ew. 
‘8 20 22 24 ra) 
ENERGY OF a (MEV) E.#%E 
i ! ToT 


s 


NUMBER OF STARS 


AND B. 


for Eu.<18.0 Mev : 


DOBOVISEK 


Then one can say something about the energy levels 
in Be*, if one can determine which alpha corresponds to 
a;. It is reasonable to assume, from energy and mo- 
mentum considerations, that the two alpha particles 
with the minimum energy difference will, in most cases, 
correspond to the alphas from step two. Furthermore, 
the division of kinetic energy between a, and the Be® 
nucleus must be in the ratio 2:1. If, therefore, one 
subtracts one-half the energy of a; (i.e., }£,) from the 
combined energy of the other two alpha particles, the 
difference will be 0.1 Mev greater than the Be® excita- 
tion energy (Be* is unbound by 0.1 Mev). 

Following this approach we have calculated the 
Be* excitation energies for all C stars. Figure 2 shows 
the distribution of stars as a function of Be® excitation 
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Fic. 5. (A) Distribution of the O"* stars according to Ey (top 
abscissa scale). The lower abscissa scale indicates the corre- 


sponding O"* excitation energies. (B) Energy distribution of all 
the alpha particles from the 54 O** stars. 


energy for all stars of Ei.<12.5 Mev and Fig. 3 
shows the distribution for all stars of E...>12.5 Mev. 
It is seen that the 2.9-Mev level is clearly resolved in 
both energy regions; some other levels appear which are 
not so well defined. 

Also plotted in Figs. 2 and 3 are the corresponding 
energy distributions of a. 

It is of some interest to determine the angular 
distribution of a; when Be? is left in its ground state, 
i.e., when E:~FEw. Figure 4 displays this angular 
distribution. For those events in which E,4<18 Mev, 
the angular distribution does not appear to differ 
sensibly from isotropy within the experimental un- 
certainties. However, for E,.>18 Mev there is sharp 
peaking at ~70° as if such disintegrations were taking 
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place at approximately right angles to the direction 
of the bremsstrahlung. 

A total of 54 stars resulting from the photodisinte- 
gration of O"* into four alpha particles were analyzed. 
In this reaction the photon energy (and hence the O"* 
excitation energy) is given by Ex.+14.5 Mev, where 
Exo now represents the total kinetic energy of the four 
alpha particles and 14.5 Mev is the threshold for this 
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reaction. Figure 5 shows the distribution of the above 
54 events according to Ey as well as the distribution 
of the 4X54 alpha particles according to the alpha 
particle energy. The results shown in Fig. 5 appear to 
corroborate previous work? on this reaction. 


+E. W. Titterton, Phys. Rev. 94, 206 (1954). 
‘1. I. Wilkins and F. K. Goward, Proc. Phys. Soc. (London) 
64, 1056 (1951). 
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Transitions in Pd™ occurring in the decays of Rh and Ag™* have been examined with a three-crystal 
pair spectrometer using gray-wedge pulse-height analysis, single and coincidence scintillation spectrometer 
techniques and an intermediate-image beta-ray spectrometer. In addition to lines previously known, gamma 
rays of 1.77, 1.96, 2.10, and 2.66 Mev and a possible gamma ray of 1.14 Mev are found in Rh” decay. 
Gamma rays of energies 0.22, 0.409, 0.51, 0.62, 0.72, 0.805, 1.045, 1.131, 1.205, 1.23, 1.39, 1.55, 1.77, 1.85, 
2.1, and 2.63 Mev are observed in Ag decay. Most of the data can be satisfied by postulating in addition 
to the five previously known states in Pd three new weakly excited levels at 1.85, 2.27, and 2.66 Mev. A 
lower limit of ~10~* sec is estimated for the partial half-life of the 0-0 transition between the second excited 


and ground states of Pd™. 





INTRODUCTION 


N a previous study' of the decay of Rh, undertaken 
because of interest in the angular correlation of the 
gamma rays from this isotope, excited states in Pd’ 
at 0.513, 1.137, 1.55, and 2.41 Mev were proposed from 
the results of beta- and gamma-ray measurements. The 
level scheme has been confirmed by the gamma-ray 
and angular correlation experiments of Kraushaar and 
Goldhaber,? of Arfken, Klema, and McGowan,’ and of 
Klema and McGowan.‘ 

Pd" is also reached in the electron capture decay of 
Ag'6 and Hayward has reported® transition energies of 
0.220, 0.409, 0.511, 0.620, 0.717, 0.815, 1.04, 1.24, and 
1.55 Mev from measurements on the internal conversion 
electron spectrum. A state in Pd’ at 1.77 Mev together 
with the levels previously established in the Rh’ work 
is sufficient to make all of the reported Ag'* gamma rays 
fit in energetically with the exception of the 0.717- and 
0.815-Mev lines. Although the energy of the 0.409-Mev 
Ag'* gamma ray agrees with the separation between the 
1.55- and 1.137-Mev levels, the corresponding gamma 
ray has not been observed in Rh decay. 

Kahn and Lyon later investigated* Rh™, finding new 


* Under contract with U. S. Atomic Energy Comm 
1D. E. Alburger, Phys. Rev. 88, 339 (1952). 
* J. J. Kraushaar and M. Goldhaber, Phys. Rev. 89, 1081 (1953). 
* Arfken, Klema, and McGowan, Phys. Rev. 86, 413 (1952). 
*E. D. Klema and F. K. McGowan, Phys. Rev. 91, 616 (1953). 
*R. H. Hayward, Phys. Rev. 85, 760 (1952); see Hollander, 
Perlmann, and Seaborg, Revs. Modern Phys . 25, 469 (1953) 

* B. Kahn and W. S. Lyon, Phys. Rev. , 902 (1953). 
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gamma rays of 1.14, 1.76, and 2.28 Mev, and they 
proposed an additional level in Pd’ at 2.28 Mev. For 
the purpose of determining further details of the Pd’ 
level structure and to search for a possible 0-0 transition 
from the second excited state to the ground state we 
have reinvestigated Rh and have examined the in- 
ternal conversion and gamma-ray spectra of Ag. 


EXPERIMENTAL 


The three-crystal pair spectrometer’ was found to be 
of considerable value in the present work and is thought 
to be especially useful between 1 and 3 Mev for de- 
tecting weak high-energy gamma rays in the presence 
of intense low-energy components and for obtaining 
somewhat better gamma-ray resolution than in singles 
spectra. For a Nal crystal detector having a singles 
resolution of 9% at 0.661 Mev, the three-crystal 
gamma-ray resolution as a function of energy can be 
computed readily on the assumption that the line width 
is proportional to +/£, where E is the pulse energy. At 
low energies, bremsstrahlung broadening effects can be 
neglected. The calculated resolution function rises from 
0% at the 2mc* threshold energy to a maximum of 
about 3.7% at 4mc* gamma-ray energy and then drops 
off very slowly at higher energies. However, above 3 
Mev, bremsstrahlung loss by the pairs from the center 
crystal will cause a low-energy tail on the two-annihi- 

’R. Hofstadter and J. A. McIntyre, P’ o, Rev. 79, 389 (1950) ; 


esl ang glo gomrig Ay ); J. K. Bair and F.C. 
Maienschein, Rev. Sci. Instr. 22, 343 343 (195 1). 
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Fic. 1. Geometry of the three-crystal pair spectrometer 


lation-quanta escape peak ind this effect results in 
poorer resolution with increasing energy and a large 
continuum of low-energy pulses. The spectra of gamma 
rays between 1 and 3 Mev are characterized by low 
background between lines. The fact that the pair cross 
section at these energies is relatively small has not 
proved to be particularly disadvantageous in our work, 

Our experimental arrangement, as shown in Fig. 1, 
includes a Nal display crystal 4 cm in diameter and 
5.5cm long mounted on a DuMont 6292 photomultiplier 
tube, two side crystals of 4 cm in diameter and 4 cm 
long, and a double conical lead collimator 16 cm long 
which shields the side crystals from direct radiation 
without reducing appreciably the flux on the center 
crystal. 

For recording the two-quantum escape peak in the 
center crystal we have used two models of a coincidence 
gray-wedge analyzer. The first of these has already been 
described* while the second® is an improved version, 
designed by R. L. Chase, containing two built-in single- 
channel pulse-height analyzers and a triple-coincidence 
circuit having a resolving time of 0.1 ysec. Center 
crystal counting rates of up to 50000 per sec can be 
accommodated without appreciable distortion or loss 
of smal! pulses in the three-crystal spectrum. The side 
crystal channels are set so as to include only the full 


*R. L. Chase, Brookhaven National Laboratory Report BNL 
263 (7-42) (unpublished) ; see also Bernstein, Chase, and Schardt, 
Rev. Sci. Instr. 24, 437 (1953), and A. W. Schardt, Brookhaven 
National Laboratory Report BNL 237 (7-37) (unpublished 

* Copies of the circuit diagram may be obtained by writing to 
the authors. 
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energy loss peak of annihilation radiation. After fast 
coincidences have been formed, the side channels im- 
pose further slow coincidence conditions by the use of 
standard Rossi circuit techniques. In our earlier work, 
a Polaroid Land camera was used for preliminary 
qualitative experiments while pictures from which more 
careful analyses of gamma-ray energies and intensities 
were made, such as all of those included in this paper, 
were taken with a 35-mm camera. Processing of the 
film was carried out by the Photographic Department 
of the laboratory. Since the completion of the experi- 
ments described here, techniques have been developed 
which to a large extent eliminate the need for 35-mm 
photographs. For energy measurement it has proved to 
be just as accurate to read peak positions on polaroid 
photographs by means of a 20X microscope equipped 
with a movable stage. A vernier scale permits the 
positions of peaks relative to the base line to be deter- 
mined with an accuracy of 0.1 mm. For intensity 
measurements an iso-density plot can be made giving 
a curve which agrees well with the true spectrum as 
observed with a channel analyzer. 

The results of tests on the three-crystal pair spec- 
trometer given in Figs. 2 and 3 illustrate some of the 
advantages of this device over single-crystal counting 
in the 1-3 Mev region. Figure 2 is the spectrum of the 
1.17- and 1.33-Mev gamma rays of Co® obtained in a 
16-hour exposure by using a 2-mC source. The lower- 
energy line has an energy of 1172—1022= 150 kev and 
its half-width is 17 percent, or 25 kev. This corresponds 
to an effective gamma-ray resolution of 25/1172 or 
2.1% in agreement with that expected from the reso- 
lution function mentioned above. The high-energy tail 
observable on the 1.33-Mev peak is due to the addition 
of a slight amount of energy to the pair pulse when 
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Fic. 2. Three-crystal pair spectrum of Co™ gamma rays. 
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single-crystal spectrum of Na*™ 
three-crystal pair spectrum 


Fic. 3. Upper photograph 
gamma rays. Lower photograph 
taken at the same gain setting. 


annihilation quanta undergo small-angle scattering 
before leaving the center crystal. Small-angle scattering 
degrades the energy by only a slight amount and still 
allows the annihilation gamma-ray pulses to fall within 
the side channels. This effect is not expected to be 
noticeable at higher energies although it gives further 
justification for keeping the side channels as narrow 
as is consistent with the width of the annihilation 
radiation full energy loss peak. 

In Fig. 3 where the single-crystal and three-crystal 
spectra of Na™ were photographed at the same gain, 
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the advantage of the much greater simplicity of the 
three-crystal spectrum is evident. In the single-crystal 
picture the two-quantum escape line of the 1.37-Mev 
gamma ray is not clearly visible. The three-crystal 
spectrum was obtained in a 1-hour exposure (approxi- 
mately 12 000 total pair counts) using a 2-mC source. 
It should be pointed out that the peaks in the lower part 
of Fig. 3 are larger, in spite of the triple coincidence 
condition, than the corresponding two-escape peaks in 
the singles photograph because of a longer exposure. 
In the case of the 2.75-Mev pair line, the half-width is 
approximately 5.6%, or 97 kev, which corresponds to 
an effective gamma-ray resolution of 3.5%, in close 
agreement with the value expected. This peak displays 
a small bremsstrahlung-loss tail on the low-energy side. 

From Figs. 2 and 3, the relative efficiencies at 1.17, 
1.35, and 2.75 Mev can be calculated from the areas 
under the peaks if the intensities of the 1.33-Mev Co® 
peak and the 1.37-Mev Na™ peak are normalized. 
Within the errors of about 10 percent the three points 
fit the relative pair cross sections in iodine from the 
curve published by Mann et al." 

As a test of the three-crystal pair spectrometer on a 
complex spectrum including components of somewhat 
higher energy, the gamma rays in the decay of Ga®™ 
were investigated with the results shown in Fig. 4. 
Sources were made by 22-Mev deuteron bombardment 
of zinc in the Brookhaven cyclotron and Fig. 4 is from 
a 2-hour exposure at 200 pair counts per min. The ten 
resolved gamma rays have energies of 1.89, 2.14, 2.38, 
2.73, 3.23, 3.35, 3.76, 4.14, 4.27, and 4.78 Mev which 
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Fic. 4. Three-crystal pair spectrum of Ga. 


” Mann, Meyerhof, and West, Phys. Rev. 92, 1481 (1953). 
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Fic. 5. Three-crystal pair spectrum of Rh™ gamma rays 


agree within the errors of ~2% with those reported” 
by Mann ef al. Relative intensities are essentially the 
same as in their spectrum. Presumably because of 
greater source strength and better statistics the peaks 
in Fig. 4 are somewhat more clearly defined than in the 
corresponding curve of Mann ef al. Photographs taken 
over a period of two half-lives showed that all of the 
lines decay with a 9-hour half-life. There is no clear 
evidence in the three-crystal spectrum for the 1.4-Mev 
gamma ray found by Mann ef al. in a Compton spec- 
trometer arrangement. 

An iron-free intermediate-image beta-ray spectrom- 
eter" was used for internal and external conversion 
measurements on Ag sources. At the time the data 


Taste I. Rh™ and Ag™ gamma-ray intensities normalized to 
a value of 100 for the 0.513-Mev gamma ray. A dashed line indi 
cates that the gamma ray was not observed and a question mark 
means that a reliable intensity value cannot be given. 
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“DP. E. Alburger, Rev. Sci. Instr. 25, 1025 (1954). A more 
detailed report will be published later. 
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were taken, a temporary baffle system was in use which 
gave a resolution of 1.0% and a transmission of 3.07, 
of 4r. Line width due to source size is 0.3% per inm 
diameter. 


Rh'** Gamma-Ray Spectra 


The Rh gamma rays above 1 Mev were examined 
using the three-crystal pair spectrometer techniques 
described in the preceding section. Figure 5 shows the 
result of a 60-hour exposure at 2.5 counts/min using a 
20-mC source obtained from Oak Ridge. To exclude 
the possibility of peaks resulting from unusual triple 
coincidence effects involving the intense 0.513- and 
0.624-Mev gamma rays, data were taken with 1.27- and 
2-cm lead filters between the source and collimator. 
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Fic. 6. Single-crystal spectrum of Rh using a 2 in.X2 in. 
crystal and recording data with a 20-channel analyzer. 


The spectra observed were closely similar to Fig. 5. 
Runs were also made with a weaker source three years 
old which displayed essentially the same features but 
with poorer statistics. Assuming that no impurities are 
present with approximately the same half-life, all of the 
lines can be assigned to Rh. Their energies are 1.55, 
1.77, 1.96, 2.10, 2.37, and 2.66 Mev with probable errors 
of 2-3%. Their intensities are included in Table I and are 
normalized to the 1.55-Mev transition intensity in the 
previously proposed scheme.' Intensities were calcu- 
lated by determining the peak height, correcting for 
width, and dividing by the pair cross section.” The 
1.55- and 2.37-Mev lines evidently correspond to the 
1.55- and 2.41-Mev gamma rays found previously’ and 
the 1.77-Mev gamma ray agrees with one of the lines 
found by Kahn and Lyon. 

An attempt was made to observe some of the new 
Rh gamma rays in the single-crystal spectrum of a 
2 in.X2 in. Nal crystal detector. Figure 6 shows the 
spectrum recorded with an Atomic Instruments Com- 





RADIOACTIVE DECAYS OF .Rh'** AND, Ag'** 


pany 20-channel pulse-height analyzer when the source 
was 20.5 inches from the crystal. The statistics are 
better than 2% for all points. All of the Rh gamma 
rays found previously, with the exception of the weak 
1.96- and 2.10-Mev lines, whose expected positions are 
indicated, are clearly identifiable in the figure. From 
curve construction a line at 1.14 Mev having an in- 
tensity 25% as strong as the 1.04-Mev gamma ray, as 
reported® by Kahn and Lyon, would have been visible 
in Fig. 6. On the other hand, from a detailed study of 
the 1.04-Mev photopeak its shape does not seem to be 
consistent with that of a single gamma ray. A gamma 
ray of about 1.1 Mev having a relative intensity ~10% 
of the 1.04-Mev gamma is probably present. A further 
study of the 1.04-Mev line was made with a Compton 
spectrometer. Although the line had a slightly abnormal 
appearance it was not possible to prove definitely the 
presence of a 1.14-Mev component. The singles spec- 
trum was also examined for gamma rays of 0.22 and 
0.4 Mev. The latter, if present, has a maximum in- 
tensity of 2% of the 0.513-Mev gamma ray. A small 
peak found at about 0.22 Mev is probably associated 
with room backscattering. 

Coincidence experiments using two large crystals and 
a gray-wedge analyzer were carried out on the Rh’ 
gamma rays. Channeling on the 0.513-Mev gamma ray, 
lines at 0.62 and 1.04 Mev were found in the coincidence 
spectrum together with weak structure up to about 2.0 
Mev. When the channel was moved to 1.04 Mev the 
coincidence spectrum contained the 0.51- and 0.87- 
Mev gamma rays. By further narrowing down the 
channel and centering it on the 1.137 sum peak (0.51- 
and 0.62-Mev gamma rays) a search was made in the 
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Fis. 7. Three-crystal pair spectrum of Ag™ gamma rays. 


Taste II. Internal conversion lines in the decays of 
Ag™ and Ag™. 











Electron 
energy (Mev) 

0.0406 
0.0624 
0.0925 
0.114 
0.134 
0.161 
0.184 
0.203 
0.225 
0.263 
0.285 
0.303 
0.327 
0.343 


Relative 


Assignment intensity 


K-0.065 
L-0.065 
K-0.117 
LOAI7 
K-0.158 
K-0.185 
L-0.185 
K-0.227 
L-0.227 
K-0.287 
L-0.287 
K-0.328 
K-0.351 
L-0.351? 
0.371 K-0.395 
0.384 K-0.408 
0.408 ? 
0.422 K-0.446 
0.445 L-0.446 
0.489 K0.513 
0.509 L0O.513 
0.595 K-0.624 
0.624 L-0.624 
0.694 ‘ 

0.721 

0.780 

0.803 

1.025 

1.107 

1.181 

1.201 


Isotope 








coincidence spectrum for a possible gamma ray of 041 
Mev. No line of this energy could be found. 


Ag'** Gamma-Ray and Internal Conversion Spectra 


Ag'®* was made by bombarding palladium metal with 
22-Mev deuterons in the Brookhaven cyclotron. The 
three-crystal pair spectrum given in Fig. 7 shows that 
gamma rays of 1.21, 1.39, 1.54, 1.72, 1.85, 2.10, and 
2.63 Mev are present together with some evidence of 
additional structure between 2 and 2.5 Mev. Photo- 
graphs taken over a period of 3 weeks showed that all 
of the lines decayed with the 8.5-day half-life of this 
isotope. 

This activity was also examined with a single-crystal 
scintillation spectrometer and an intermediate-image 
beta spectrometer using silver chemically separated 
from Pd targets. From a study of the scintillation 
spectrum we find gamma rays of 0.22, 0.51, 0.62, 0.72, 
1.045, 1.2, (1.4), and 1.55 Mev decaying with the half- 
life characteristic of Ag and lines of 0.063, 0.27, and 
0.33 Mev which decay at a much slower rate, pre- 
sumably being associated with Ag. A line of about 
0.42 Mev decays at an intermediate rate and may 
include the 0.41-Mev Ag gamma ray and the 0.44- 
Mev Ag line reported by Hayward. Relative in- 
tensities of the Ag’ gamma rays from the single-crystal 
spectrometer and three-crystal pair spectrometer meas- 
rements are included in Table I. 
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Fic, 8. Internal and external conversion spectra of Ag™* 
in the region of 1 Mev 


The intermediate-image beta spectrometer was used 
at 1% resolution to examine the internal conversion 
electrons from separated Ag activity. A very complex 
spectrum was observed containing the conversion 
electron lines of Ag'®* and Ag’ and the 1-Mev beta-ray 
spectrum of Ag". Table II gives a list of the conversion 
line energies, intensities corrected for decay and 
probable isotope assignments made on the basis of a 
study of the decay of the spectrum over a period of one 
month. All of the Ag gamma-ray energies reported 
by Hayward are confirmed, but in addition conversion 
lines corresponding to transitions of 1.131 and 1.205 
Mev are present which decay with the Ag’ half-life. 
This region of the spectrum, which is just above the 
Ag" beta end point, is shown in the lower part of Fig. 
8. 

The energy of the 1.131-Mev conversion line sug- 
gested that it might be associated with a possible 0-0 
transition of 1.137 Mev from the second excited state 
to the ground state of Pd'*. Probable errors on both 
of these energies are ~5 kev. With scintillation spec- 
trometers it was not possible to prove definitely either 
with Rh’ or Ag sources whether or not a gamma ray 
of this energy is present. A measurement was therefore 
carried out on the photoelectrons from a Ta converter 
using a silver source in the intermediate-image spec- 
trometer. The line half-width resulting from the 18.4- 
mg/cm? thickness and the 3-mm diameter of the con- 
verter was ~1.6%. Ta rather than Pb or U was selected 
as a converter in order to separate the L-1.045 line from 
an expected X-1.131 line. As shown in the upper part 
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of Fig. 8 there is definite evidence of a K photoline 
corresponding to a 1.131-Mev gamma ray. Its intensity 
is approximately 4 of the 1.045-Mev gamma-ray in- 
tensity which is about the same as the ratio of the 
internal conversion lines. 


DISCUSSION 


The foregoing results are summarized in an energy 
level diagram for Pd" given in Fig. 9. This should be 
considered only as tentative since it has not been 
possible to establish the positions of all of the transitions 
by experiment. The scheme contains eleven Rh'®* 
gamma rays and fifteen Ag’ gamma rays where those 
in the center of the figure are common to both activities. 
While all of the Rh transitions are included, the only 
Ag’ gamma ray for which no position has been found 
is that of 1.205 Mev. In order to fit the gamma-ray 
energies, new levels of 1.85, 2.27, and 2.66 Mev have 
been added to the previous decay scheme.” The last 
of these is the most certain since it is likely that the 
2.66-Mev gamma ray is a ground-state transition. The 
1.85-Mev level is involved in the 0.409-, 0.72-, 0.805-, 
1.39-, and 1.85-Mev transitions of Ag’* and the 2.27- 
Mev level furnishes an explanation of the 1.131- and 
0.409-Mev transitions. 

Alternate positions of several of the gamma rays are 
possible. For example the 1.77-Mev transition could 
take place between the 2.27- and 0.513-Mev levels and 
the 0.22-Mev gamma ray between the 2.66- and 2.42- 
Mev levels. Except for the 1.23-Mev gamma ray this 
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’ Fic. 9. Proposed levels and transitions in Pd™. In the center 
between dashed lines are transitions common to both Rh™ and 
Ag. To the left are transitions observed only in Rh™ decay and 
to the right those observed only in Ag™* decay. 








M. Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 179 
(1952). 
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would obviate the necessity of postulating a level at 
1.77 Mev. 

Spin and parity assignments to the new levels, if 
indeed the states exist in the suggested positions, cannot 
be made from the present data. The same highly excited 
level at 2.66 Mev is reached in both decay processes and 
the level structure of Pd'* is somewhat more complex 
than previously thought. It is not expected that the 
presence of the additional weak high-energy gamma 
rays in the decay of Rh’ or low-energy components 
which could be present but have not yet been detected 
would have an appreciable effect on the gamma-gamma 
angular correlation. It has already been shown*~ that 
the relatively strong gamma rays of 0.513, 0.624, and 
1.045 Mev and the spin and parity assignments given 
in Fig. 9 can account for the measured angular cor- 
relations. 

The possible 0-0 cross-over transition from the 1.137- 
Mev level is of considerable theoretical interest. 
Unfortunately a 1.131-+0.005-Mev gamma ray is 
present in the Ag’* spectrum and its conversion lines 
hinder a study of the 0-0 transition. An upper limit for 
the 0-0 cross-over intensity relative to the 0.624-Mev 
transition may be obtained as described in the following. 
The 1.045-Mev transition is known to take place 
between two states of 2+ and it must therefore be 
M1 or M1+ £2. At 1 Mev and Z=46 the K-conversion 
coefficients for M1 and £2 differ by less than 20 percent 
while the smallest possible ax is that for £1 radiation 
which is about half as great as for E2 radiation. Figure 
8 suggests that the intensity ratio of the 1.045- and 
1.131-Mev photo lines is about the same as the ratio 
of the corresponding internal conversion lines. If all of 
the 1.131-Mev internal conversion line intensity were 
associated with the 1.131-Mev gamma ray transition, 
then the conversion coefficient of the 1.131-Mev gamma 
ray would be about the same as that of the 1.045-Mev 
gamma ray, i.e., M1 or £2. Variations in the conversion 
coefficient and in the photoelectric cross section with 
energy are small! over this interval and have been 
neglected. Since the conversion coefficient of the 1.131- 
Mev gamma ray cannot be less than that of an El 
transition at least half of the 1.131-Mev conversion 
line must be associated with the 1.131-Mev gamma ray. 
Thus one can conclude that less than half of the K-1.131 
line is associated with the 1.137-Mev 0-0 transition. 
By using the ratio of 7 for K-0.624/K-1.131 from Table 
II, it follows that K-0.624/K-1.1379_.9 must be >14. 
Since the conversion coefficient' of the 0.624-Mev E2 
gamma ray is 2.9 10~*, the relative cross-over branch 
could be at most 2X10 neglecting 1 conversion and 
possible nuclear pair emission. This number may be 
used to derive a lower limit for the partial half-life of 
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the 0-0 transition if one can first estimate the lifetime 
of the 1.137-Mev state. The lifetime of the 0.513-Mev 
first excited state, which also decays by E2 radiation, 
has been calculated by Stelson and McGowan" as 
1.02X10-" sec based on the results of Coulomb ex- 
citation. According to the considerations of Scharff- 
Goldhaber and Weneser, the 0.624-Mev transition 
probably takes place between 2-phonon and 1-phonon 
states and the 0.513-Mev transition between 1-phonon 
and 0-phonon states. Their estimate is that along with 
the E* energy-dependence factor a speed-up factor of 
about 2 should be included in calculating the transition 
probability of the 0.624-Mev gamma ray. There is as 
yet no empirical evidence to support this choice of 
speed-up factor. This leads to an estimated lifetime of 
~2X10-" sec for the 1.137-Mev state. The upper 
limit of the 0-0 branching intensity given above thus 
results in a lower limit of ~10-* sec for the partial 
half-life of the 0-0 transition. 

Calculations of the transition probability for electric 
monopole transitions have been carried out by Drell 
and Rose" and by Church and Weneser."* For a 1.1-Mev 
transition at Z=46, the uninhibited lifetime is ~3 
X 10-" sec. Hence it would appear that the probability 
for the 0-0 transition in Pd is inhibited by a factor of 
> 30 which corresponds to an inhibition factor p<} in 
the matrix element, if one uses the notation of Church 
and Weneser. 

A further study of the 0-0 transition in Pd’ might 
be rewarding if it becomes possible to resolve its 
conversion lines from those of the 1.131-Mev gamma 
ray. From Fig. 8 there is no suggestion of structure in 
the 1.131-Mev K-conversion line at 1% resolution and 
it is clear that at least 0.1-0.2% resolution would be 
necessary to detect a second component if present. An 
actual value of the EO inhibition factor rather than 
just an upper limit would be of considerably greater 
value. 
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Decay of Ir’**t 
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A study has been made of the gamma radiation following the decay of Ir. The energies, intensities, 
internal conversion coefficients and multipolarities of the gamma transitions have been determined. Energy 
level schemes for the daughter nuclei, Pt™ and Os™, are proposed. The spins and parities of most of the 


levels are given. 





RIDIUM-192 decays by beta emission to Pt™, and 

by orbital electron capture to Os™. The gamma rays 
which accompany the decay have been studied by 
several previous investigators.'~* The positions of the 
energy levels in Pt" have been rather well established. 
There are, however, some uncertainties in the level 
arrangement of Os'. Previous investigations have 
given multipolarities of only a very few of the gamma 
rays, and spins of only two Pt levels. To extend this 
information, the present reinvestigation of the levels 
of Pt and Os™, by means of beta and gamma spectros- 
copy, has been undertaken. 

The equipment used in this study included a curved- 
crystal diffraction gamma spectrometer,‘ a uniform 
field, ring-focusing beta spectrometer,*’ and a coin- 
cidence system using scintillation counters. 


SOURCE PREPARATION 


Iridium metal foil was irradiated for 14 days in the 
Materials Testing Reactor in Idaho Falls, Idaho. A 
piece of this foil, 0.460.0440.005 cm, sealed in 
fused quartz, was used as a source for the gamma 
spectrometer. Internal conversion electron sources were 
prepared by evaporating iridium metal on a thin mica 
backing. Small disks, 1 and 1.5 mm in diameter, were 
then punched from the mica, and a thin layer of 
aluminum was evaporated on the mica disk to prevent 
accumulation of charge. Momentum resolutions of 0.25 
and 0.35% were obtained with these two sources. The 
external conversion electron source consisted of a small 
piece of iridium metal (~0.05 mm, roughly cubic), 
contained in 0.4 mm of copper and 0.25 mm of alumi- 
num. The photoconverter was uranium, 1.2 mg/cm? 


t Work supported in part by the U. S. Atomic Energy 
Commission 

* Present 
California 

t Present address: Physikalisches Instut der Eidg. Technischen 
Hochschule, Zurich, Switzerland 

‘Cork, LeBlanc, Stoddard, Childs, Branyan, and Martin, 
Phys. Rev. 82, 258 (1951). 

? Muller, Hoyt, Klein, and DuMond, Phys. Rev. 88, 775 (1952). 

+ M. W. Johns and S. V. Nablo, Phys. Rev. 96, 1599 (1954) 

‘J. W. M. DuMond, Bela- and Gamma-Ray Spectroscopy, 
edited by K. Siegbahn (North-Holland Publishing Company, 
Amsterdam, 1955) ,Chapter 4 

* J. W. M. DuMond, Ergeb. exakt. Naturw. 28, 232 (1955). 

W. M. DuMond, Rev. Sci. Instr. 20, 160 (1949) 

* DuMond, Kohl, Bogart, Muller, and Wilts, Office of Naval 
Research Special Technical Report No. 16, March, 1952 (un- 
published). 
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thick and 3 mm in diameter. A momentum resolution 
of 0.65% was obtained with this source. 


RESULTS 
Energies and Intensities of Gamma Rays 


The experimental results of measurements on the 
gamma rays are summarized in Table I. The energies 
of the gamma rays, except for the three lines at 785, 
885, and 1060 kev, were measured with the curved 
crystal gamma spectrometer. The K-conversion line 
of the 885-kev gamma ray was observed with the beta 
spectrometer. The 785- and 1060-kev lines were 
observed only with the scintillation counters. 

The half-width of lines observed in the gamma 
spectrometer was 0.25 mA. The errors in the energies, 
which are shown in Table I, correspond to 1/20 of this 
line width, except for the weak 283.35, 374.7, and 
416.6-kev lines where the assigned error corresponds to 
4 of the line width. The error given for the 885-kev 
line is $ the line width in the beta spectrometer, while 
the error given for the two lines observed only by 
scintillation counter is +3%. The energy measurements 
agree well with those reported previously.’ 

The gamma intensities shown in Table I are based 
primarily on measurements of external conversion 
electrons in the beta spectrometer. Corrections to the 
intensities were made for gamma absorption in the 
source container, the energy and angular dependence 
of the photoelectric ejection from the uranium con- 
verter, and the transmission of the Geiger counter 
window. Auxiliary checks on the gamma intensities 
were made with the gamma spectrometer and the 
scintillation counters. The accuracy of the intensity 
measurements is estimated to be + 20% for lines with a 
relative intensity greater than 2 (Table I), and 50% for 
the weaker lines. 

Assignment to either the Pt or the Os branch of the 
decay was assured by comparing the energies of the 
gamma rays, as determined by gamma spectrometer 
measurements, with the energies of the K-conversion 
lines, as measured with the beta spectrometer. Isotope 
assignments for all except four of the seventeen gamma 
rays listed in Table I were made in this manner. 
The 885-kev line was assigned to Pt because it was 
observed to be in coincidence with one of the 300-kev 
lines (296, 308 or 316 kev) of Pt. The three gamma rays 
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at 374.7, 785, and 1060 kev could not be definitely 
assigned by the above methods. They were tentatively 
fitted into the decay scheme according to their energy. 


Internal Conversion Coefficients and Multipolarities 


Relative intensities of the internal conversion electron 
lines, J,, were obtained with the beta spectrometer. 
These, together with the gamma intensities, 7,, of 
Table I, determine the internal conversion coefficients 
according to a=k/,/I,, in which k is a constant for all 
transitions. The constant k was fixed by assuming the 
theoretical value for ax of the 316-kev transition. The 
multipolarity of this transition was known un- 
ambiguously to be E2 from the K/L conversion ratio 
and the (Z;+Z);)/Liy ratio, as shown in Table IT. 
From these ratios, the maximum possible M1 admixture 
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Fic. 1. Proposed decay scheme for Pt™. Relative intensities 
of the transitions are indicated by the weight of the lines. (Dotted 
lines have not been observed in this laboratory.) Spins in paren- 
theses are uncertain. 
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must be less than 1%. Moreover, from the decay 
scheme derived from the energy and intensity data 
(Fig. 1) it is most probable that the 316-kev transition 
goes to the zero-spin ground state, excluding any 
mixed multipoles. 

The multipolarities in Table I were assigned by 
comparing the experimentally determined conversion 


coefficients with the theoretical values.* All transitions © 


turned out to be E2 or E2+M1, indicating the same 
parity for all levels. 


Energy Levels 


The total intensity of the gamma radiation into and 
out of the various levels shown in Fig. 1 indicate the 
*M. E. Rose, Bela- and Gamma-Ray Spectroscopy, edited by 


K. Siegbahn (North-Holland Publishing Company, Amsterdam, 
1955), Chap. 14, and private communication. 
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TaBLe I. Data relative to gamma transitions following 
decay of Ir, 
Gamma Gamma Experimental 
BS energy intensity conversion coefficients Multi. 
r) . 
ment _ ly “g “Latn “im polarity 
Pt 136.33 + 0.02 0.19 1.0 0.63 0.44 £2 
Os 201.31 + 0.04 0.46 0.30 0.12 0.07 £2+M1 
Os 205.75 +0.04 3.9 0.16 0.077 0.04 &2 
Os 283.35 +0.20 0.6 0.04 see ee (22) 
Pt 295.94 +0.09 %6 0.065 0.025 0.006 £2 
Pt 308.45 + 0.09 35 0.069 0.028 0.008 R2 
Pt 316.4620.09 100 0.054 0.018 0.006 £2 
(Os)* 374.7 +05 1.9 ee tee see 
Pt 416.6 +0.7 1.6 0.019 ee ee (£2) 
Pt 467.98 +0.22 64 0.022 0.0052 0.001 #2 
Os 484.75 2.0.23 3.9 0.022 tee see £2 
Pt 588.4 +06 7.1 0.011 0.0031 tee R2 
Pt 604.5 +09 14 0.016 0.0031 me 1 
Pt 612.9 +09 84 0.011 0.0023 £2 
(Pt)> 785 +20 0.1 tee vee eee 
Pte 885 +2 0.5 0.007 (£2) 
(Os)® 1060 +30 0,05 . + 
* 374.7-kev line observed only with the gamma spectrometer. Its K- 


conversion line falls between the 308.45. and 316.46-kev L lines. 

* Observed only by scintillation counter. 

© Observed in beta spectrometer and scintillation counters. 

4 All intensities are relative intensities 

© of the 316.46-kev line was assumed to have the theoretical value for 
an £2 transition. See text. 


presence of four beta groups, with relative intensities 
48: 41: 7: <0.5, feeding levels D, E, G, and H, respec- 
tively. The end point of the most energetic group was 
measured as 673410 kev, in good agreement with 
previous measurements.’ The corresponding Ir” — Pt 
mass difference is 1457+10 kev. From the relative 
intensities and energies of these beta groups, the 
calculated values” of log ft are 8.3, 8.1, 8.1, >8.1, for 
the transitions to levels D, E, G and H, indicating first 
forbidden transitions. 

Pt'™ is an even-even nucleus, and it is assumed that 
the spin of its ground state is 0. Levels B and C both 
decay to the ground state by £2 transitions—conse- 
quently the spins of both levels must be 2. The 24+ — 2+ 
transition (CB) has less than 5% M1 admixture. It is 
interesting to note that the intensities of the transitions 
CA and CB follow the general pattern found in the 
heavy even-even nuclei." 

The spin of level D was determined by the angular 
correlation of the 316- and 467-kev lines, and the spin 
of level G, by the angular correlation of the 588- and 
613-kev lines. Two E2 transitions connect the three 
levels D, B, A (or G, C, A), having spins J, 2, 0, where 
J might have any value from 0 to 4. Theoretical 


Taste II. Experimental and theoretical conversion 
ratios for 316-kev transition. 














Theor. 
Exper. Zi E2 M1 M2 
K/L 2.3 50 23 6.5 46 
(L1+Li)/Lin 3.0 8.1 38 220 17 
*P. W. Levy, Phys. Rev. 72, 352 (1947). 
”S. A. Moszkowski, Phys. Rev. 82, 35 (1951). 
" Goldhaber and Weneser, Phys. Rev. 98, 212 (1955). 
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Fic. 2. Angular correlation of the 316- and 467-kev gamma 
rays. The curves are the theoretical correlation functions for two 
quadrupole transitions between states having spins J, 2, 0. They 
have been corrected for the size of the detector, according to the 
method due to M. E. Rose [Phys. Rev. 91, 610 (1955) ]. Three 
sources were used, indicated by the marks @ (metallic Ir evapor- 
ated on mica), * (IrCls dissolved in HCI), A (IrCl" complex in a 
precipitate) 


angular correlation curves” for the five possible cases 
were compared with the observed angular correlation 
(Fig. 2). The best fit was obtained for J=4, in both 
instances.” 

As indicated above, two strong beta groups feed the 
4+ levels, D and G, and are first forbidden. Therefore, 
the parity of the Ir ground state must be odd, and 
the spin must have a value between 2 and 6. If the spin 
were 2, 3, or 4, transitions to levels B and C (which 
are 2+ levels) would also be first forbidden. The 
absence of such transitions suggests strongly that the 
spin of the Ir" nucleus must be 5 or 6. Nordheim’s 
composition rules“ (which exclude the spin change 
Al =+1) lend weight to the choice of 6 for the spin 
of Ir”. However, this does not seem strong enough to 
eliminate completely the possibility of a 5 assignment. 
We therefore assign the Ir™ ground state (5 or 6)—. 


"HH. Frauenfelder, Bela- and Gamma-Ray Spectroscopy, edited 
by K. Siegbahn (North-Holland Publishing Company, Amster- 
dam, 1955), Chap. 19. 

" Nolte added in proof.—Taylor and Pringle have recently 
reported investigations of the angular correlation of gamma rays 
in Pt™ (Phys. Rev. 99, 1345 (1955)]. Their experimental results 
agree well with those reported here. They give two alternative 
interpretations of their measurements. (1) Level D has spin 3, 
and the 468-kev transition is mostly dipole (94% M1 and 6% £2). 
(2) Level D has spin 4, and the 468-kev transition is quadrupole. 
Our measurements of the internal conversion coefficients (see 
Table I) are consistent with only the second alternative. 

“L. W. Nordheim, Revs. Modern Phys. 23, 322 (1951). 
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Fic. 3. Proposed decay scheme for Os™. Relative intensities of 
the transitions are indicated by the weight of the lines. Spins in 
parentheses are uncertain. 


The uncertainty in the spin of Ir™ leads to a corre- 
sponding uncertainty in the spin of level E in Pt™. 
The £2 transition to level C limits this spin to 4 or less. 
The first forbidden beta transition indicates a spin not 
less than 3. The assignment, therefore, is (3 or 4)+. 

Levels F and H are included in the decay scheme 
entirely on the basis of results reported by other 
investigators, and consequently, conclusions drawn 
about the spin and parity of these levels are more 
tentative. Some arguments, however, can be given. 
A beta transition to level F, if it exists, must be at 
least second forbidden (log ft > 10.5). The spin of this 
level, therefore, must be 4 or less. Since the major 
evidence for the existence of this level is a gamma 
transition to the ground state, the spin of F is probably 
1 or 2. A similar argument suggests a spin of 3 or 4 
for level H. 

Figure 3 gives a tentative decay scheme for the 
Os™ branch. This scheme differs from that which has 
been published earlier.'* These earlier versions place 
the first excited level at 283 kev. Coulomb excitation of 
natural Os'*-'* has revealed two deexcitation peaks, one 
at 155 kev (due to Os'**)"? and a broad one at 200 kev. 
There was no evidence for a peak at 283 kev. It seems 
more likely, therefore, that either the 201- or the 205-kev 
line is the ground-state transition. According to the 
conversion data (Table I) the 205-kev line appears to 
be a pure £2 transition, while the 201-kev line seems 
to have ~20% M1 admixture and therefore cannot bea 
ground state transition. The order of the 201- and 
283-kev transitions in Fig. 3 cannot be decided with the 
available data. 


“N. P. Heydenburg and G. M. Temmer, Phys. Rev. 93, 906 
(1954). 

‘*N. P. Heyden 

7 R. A. Naumann, 


(private communication). 
ys. Rev. 96, 90 (1954). 














DECAY 


If the decay scheme suggested in Fig. 3 is indeed the 
correct one, some striking similarities can be noted 
between the two branches of the decay. The ratio of the 
energy of the second excited state to that of the first 
in Os™ is 1.98, while the corresponding ratio in Pt™ is 
1.94. The ratio of intensities of the transitions among 
the lowest four levels is remarkably similar in the two 
branches. As in Pt, the parities of the first four Os 
levels are all positive. The spin of level 5 is 2. The spin 
of level c can be limited to (1, 2, or 3), and that of level 
d to (3 or 4). This is consistent with the spin assign- 
ments made in the Pt branch. 

The intensities of the gamma rays indicate that 
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~3.5% of the Ir decays go by electron capture to 
Os. These transitions lead to levels d and e, with the 
relative intensities 2:1.5. An upper limit of 10-* posi- 
trons per decay can be put on the intensity of positron 
emission, from a search for a positron rum. From 
this, the energy of the transition of level d must be less 
than 1.3 Mev, with a corresponding upper limit of 
2 Mev for the Ir"*—Os™ mass difference. 
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First Excited State of Mn**t 


E. M. BernsTern anp H. W. Lewis 
Department of Physics, Duke University, Durham, North Carolina 
(Received July 21, 1955) 


The spin of the first excited state of Mn™ at 128 kev has been measured in the electric excitation process 
with 3-Mev alpha particles. Determinations of the K conversion coefficient and the angular distribution of 
the gamma rays lead to a spin assignment of 7/2~ for the excited state and multipolarity M1 for the transi- 
tion to the ground state. The K conversion coefficient (ag =0.01444-0.003) was measured by comparison 
with the known coefficient of the 137-kev transition in Ta™. The spin, parity, and transition probability are 
consistent with those expected for a rotational! state. 


INTRODUCTION 


HE first excited state of Mn® at 128 kev has been 
observed in the reactions'* Mn**(p,p’)Mn** 
and Mn*®*(n,n’)Mn*** and in electric excitation. Elec- 
tric excitation, which has been shown to be £2, and 
multipolarity of the decay, shown below to be M1, show 
that the level has negative parity, since the ground 
state is 5/2. Since the nature of the level is not known, 
it is of interest to determine whether the spin, as well as 
the parity, is consistent with the rotational prediction® 
of 7/2. We have measured the K conversion coefficient 
and the angular distribution of the gamma rays follow- 
ing electric excitation of this level in order to determine 
the spin. Alpha particles from the Duke 4-Mev Van de 
Graaff accelerator were used as the bombarding 
particles. 
CONVERSION COEFFICIENT 
In this case, where both M1 and E2 decay are allowed, 
the analysis of the angular distribution of the gamma 
1 This work was supported in part by the U. S. Atomic Energy 
Commission. 
? Hausman, Allen, Arthur, Bender, and McDole, Phys. Rev. 88, 
1296 (1952). 
* Mark, McClelland, and Goodman, Phys. Rev. 95, 628(A) 
(1954); Phys. Rev. 98, 1245 (1955). 
* J. J. Van Loef and D. A. Lind, Phys. Rev. 98, 224(A) (1955). 
D. A. Lind and J. J. Van Loef, Phys. Rev. 98, 621(A) (1955). 
*G. M. Temmer and N. P. Heydenburg, Phys. Rev. 93, 351 
(1954) ; Phys. Rev. 96, 426 (1954). Also T. Huus (to be published), 
and reference 2. 


‘A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab, 
Selskab, Mat.-fys. Medd. 27, No. 16 (1953). 


rays is unique only if one can determine the multi- 
polarity of the transition by other means. This can be 
done, of course, from conversion measurements. For 
low-energy transitions in light elements, the K con- 
version coefficient is much more sensitive to multi- 
polarity than the K/L ratio. We have measured the K 
conversion coefficient by comparing the number of K 
electrons and gamma rays of the 128-kev transition from 
a thin Mn target with those of the 137-kev transition 
from a thin Ta target. Since the K conversion coeffi- 
cient for the latter transition is known, one can deter- 
mine the coefficient for the Mn transition. The targets 
were made by vacuum evaporation. The Mn was 
evaporated on a thick carbon backing, while the Ta was 
evaporated on a thick copper backing. The electrons 
were measured using a wedge-shaped magnetic beta-ray 
spectrometer. The gamma rays from the same targets 
were detected with a Nal crystal mounted on a Dumont 
6292 phototube. Since the two gamma rays are of essen- 
tially the same energy, no correction was necessary for 
absorption or crystal efficiency. 

The results of the conversion measurements are as 
follows: the ratio of Ta K electrons to Mn K electrons 
is 4.940.5 and the ratio of Ta gamma rays to Mn 
gamma rays is 0.039+-0.004. These individual ratios 
depend, of course, on the target thicknesses. From these 
data one concludes that the ratio of ag(Ta) to ax(Mn) 


* Kofoed-Hansen, Li and Nielsen, a) Danske Viden- 
25, No. 16 (1950). 


Lindhard, 
skab. Selskab, Mat.-fys. Medd. 
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is 125+25, where a is the conversion coefficient. The 
Ta 137-kev transition has been established to be ~90% 
M1+10% E2.7* Using this mixing ratio and the recent 
theoretical calculations of internal conversion coeffi- 
cients by Rose,’ one finds ax(Ta)= 1.8. Then we have 
ax(Mn)=0.0144+0.003. This is in very good agree- 
ment with the value of ax(Mn)=0.0141 one obtains 
from the measurements of the yield of K electrons by 
Huus and the yield of gamma rays by Temmer and 
Heydenburg. From the theoretical calculations one 
finds ax ®*(Mn)=0.15 and ag™'(Mn)=0.014. We there- 
fore conclude that the Mn 128-kev transition is all or 
nearly all M1, with an upper limit of 2% £2. 


ANGULAR DISTRIBUTION 


The angular distribution of the Mn gamma rays was 
measured using the distribution equipment of Goldburg 
and Williamson.” A thin layer of Mn evaporated on 
0.005-inch copper was used as the target. The target was 
placed at 45° to the alpha beam and the gamma rays 
were observed at 0° and 90° with respect to the beam 
such that the thickness of copper between the target 
and the Nal detector was the same at both angles. To 
check left-right symmetry the target was rotated 
through 90° and the gamma rays observed at 0° and 
270° with respect to the beam. Since the target angle 
could be set to better than }° there was less than one 
percent change in the 0° yield between the two target 
settings. The left-right anisotropies agree with each 
other within one percent. The entire spectrum was 
covered by a 10-channel differential pulse-height ana- 
lyzer. Total counting rates were 20 000 counts per run. 
The only background present was machine background 
which was rather constant. This background, which 
was about ten percent of the total counting rate, was 
measured after each run and subtracted out. The dis- 
tributions were measured at 3-Mev alpha-particle 
energy. For purposes of comparing with the theory, we 
define the experimentally observed anisotropy as: 


C=[1(0°)—1(90°) //1 (90°), 


where /(@) is the gamma intensity corrected for back- 
ground at an angle @ with respect to the beam. 
Although resonances due to compound nucleus for- 
mation were observed in the excitation of this level with 
protons above 1 Mev,’ the Coulomb penetrability for 
3-Mev alpha particles is several orders of magnitude 
below the value for 1-Mev protons. Appreciable com- 
pound nucleus formation at this alpha energy seems 
unlikely especially in view of the excitation curve of 
Temmer and Heydenburg.‘ Therefore, the theoretical 
anisotropies were determined frorn the calculations of 


1F. K. McGowan, Phys. Rev. i 481 (1954). 

* T. Huss and J. Bjerregaard, Phys. Rev. 92, 1579 (1953); also 
our fort paper on internal conversion electrons from 
electric excitation. 

*M. E. Rose in Bela- and Gamma-Ray Spectroscopy edited by 
K. Siegbahn (North Holland Publishing Company, Amsterdam, 
1955), . 14; also private communication. 

"WwW and R. M. Williamson (to be published). 
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Alder and Winther" assuming pure electric quadrupole 
excitation. Although these calculations do not agree 
exactly with experiments,"” the agreement is, in gen- 
eral, good enough to assign spins. In the case considered 
here the disagreement could lead to anisotropies which 
differ by about ten or fifteen percent from the ones 
calculated ; however, this does not affect the conclusions 
given below. For pure magnetic dipole decay the theo- 
retical angular distribution function can be written as" 


W (6)= 1+a,A 2P+(cos6), (1) 


where A, is the angular correlation coefficient for a pure 
gamma-gamma correlation calculated by Biedenharn 
and Rose," and a, is the energy-dependent parameter 
given in reference 11. Equation (1) can, of course, be 
written in the form 


W (@)=1+C, cos’. 


Then C, becomes the theoretical counterpart of the 
measured anisotropy C. 

The calculated values of C; for the three possible spins 
are: 3/2(M1)5/2, +0.033; 5/2(M1)5/2, —0.073; and 
7/2(M1)5/2, —0.023. The experimentally measured 
value is C= —0.012+0.015. This is an average value 
for six runs. Comparing C with the theoretical anisot- 
ropies we conclude that the spin of the 128-kev level in 
Mn is 7/2. It should be noted that if one allows as 
much as a 5% admixture of E, in the decay of this 
state, the theoretical anisotropy calculated for a spin 
of 7/2 still agrees with the experiment if the value of 
6 is taken to be positive," but the theoretical value for 
a spin of 5/2, using a negative sign for 6, comes very 
close to the lower limit of the measured value. However, 
from the conversion measurement one concludes that it 
is unlikely that the admixture of £2 is over 2%. 


CONCLUSION 


The spin and parity of this level and the large E2 
transition probability (~20 times single-particle esti- 
mates**) are consistent with those expected for a 
rotational state, providing strong evidence for collective 
excitation. However, particle transitions may be ex- 
pected to have enhanced £2 transition probabilities 
due to coupling with the nuclear surface."® Since the 
ground state configuration of Mn* is complex, one 
should not rule out the possibility of a many-particle 
transition. 

We would like to express our appreciation to Dr. 
Walter I. Goldburg and Dr. Robert M. Williamson for 
the use of their distribution equipment and their valua- 
ble advice concerning the distribution measurements. 


"K. Alder and A. Winther, Revs. Modern Phys. (to be 
published). 

*® F. K. McGowan and P. H. Stelson, Phys. Rev. 99, 127 (1955). 

mt C. Biedenharn and M. E. Rose, Revs. Modern Phys. 25, 729 
(1953). 

“ # is defined as the ratio of E2 to M1 gamma rays; see refer- 


ence 13. 
4 Reference 5, Chapt. VII; reference 9, Chapt. 17, Sec. IV A. 
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The hyperfine structure (hfs) of the spectrum of Mo ! was studied, and it was found that both Mo** and 
Mo* have nuclear spins equal to 7/2. Substituting this in the g-values of Mo”* and Mo*’ given in the litera- 
ture, the magnetic moments »(Mo*) = —1,2736 nm and »«(Mo*’)= —1.3006 nm (without diamagnetic 
correction) are obtained. Hfs investigation of the spectrum of Zr 1 yielded the result that a(Zr*) = — 1.940.2 
nm. The quadrupole moment of I®' as derived from the hfs of the visible spectrum and as derived from the 
atomic beam resonance technique published in the literature is discussed, and it is concluded that Q(I™) 
= (—0.69+0.03) X 10 cm? including the polarization correction due to Sternheimer. Data concerning the 
hfs of the spectrum of Sb m are discussed, and it is shown that they support the values Q(Sb™) = (—0.53 
+0.10) X10 cm? and Q(Sb') = (—0.6840.10) X 10-* cm* (including the polarization correction) that 


were deduced previously. 





I. NUCLEAR MOMENTS OF Mo* AND Mo” 


SING separated isotopes, Arroe! studied the hyper- 
fine structure (hfs) of the spectrum of Mo 1 and 
found that the most probable values of the nuclear spins 
of Mo* and Mo” are 5/2. Woodward? repeated the same 
kind of experiment as Arroe! and determinedth e spins 
of Mo” and Mo” to be 5/2. Proctor and Yu* measured 
the g-values of Mo** and Mo” by nuclear induction and 
found that 


g(Mo”) = —0.3639, g(Mo*’) = —0.3716, (1) 
u(Mo*) /u(Mo*) = 1.0210+0.0001, (2) 


using Mack’s‘ finding that u(Mo*’)/u(Mo*)= 1.07 
+0.05. 

A critical review of the published spectroscopic data 
reveals that the conclusion about the spins is not so 
convincing. The present investigation was undertaken 
in order to determine the spins of Mo** and Mo” more 
definitely. 

A hollow-cathode discharge tube described previ- 
ously® was used as the light source and a Fabry-Pérot 
etalon was used in order to resolve the hfs. In order to 
get sharp hfs components, the discharge current was 
made as small as possible, although the time of exposure 
was much prolonged. 

Molybdenum is known to consist of seven isotopes’: 
92 (15.86), 94 (9.12), 95 (15.7), 96 (16.5), 97 (9.45), 
98 (23.75), and 100 (9.62). The abundance in percent 
is in parentheses. Shift of these isotopes in the line 
Mo 15888 (4d‘5s* *D;—4d*5p *P2) is shown schemati- 
cally in Fig. 1. Appreciable isotope shift anomaly, such 
as observed in the spectra of Sn 7* and Cd,*""* was not 

1S. Arroe, Studier over Spektralliniere Struktur, Copenhagen, 
1951 (unpublished). 

? E. C. Woodward, Phys. Rev. 93, 954 (1954). 

*W. G. Proctor and F. C. Yu, Phys. Rev. 81, 20 (1951). 

* J. E. Mack, quoted in reference 3. 

*K. Murakawa, J. Phys. Soc. (Japan) 9, 391 (1954). 

* D. Williams and P. Yuster, Phys. Rev. 69, 556 (1946). 

7K. Murakawa, J. Phys. Soc. (Japan) 9, 876 (1954). 

* Hindmarsh, Kuhn, and Ramsden, Proc. Phys. Soc. (London) 
117, 478 (1954). 

*K. Murakawa, Phys. Rev. 93, 1232 (1954); J. Phys. Soc. 
(Japan) 10, 319 (1955). 


observed in Mo 1. It follows from Fig. 1 that the mean 
shift per two neutron difference in the transition 5s* 
—4d5p is about 0.014 cm™. Arroe’ detected a shift of 
Mo*— Mo" ranging from 0.0113 to 0.0143 cm™ in the 
group of lines 4d*5s* *‘\D—4d*5p*P. We may assume that 
the mean shift per two neutron difference in 4d°5s 
—4d*5p is about 0.007+0.002 cm~'. This assumption 
and the ratio (2) were used in interpreting the hfs of 
43903 [4d*(®S)5s ‘Ss—4d*(*S)5p *P] which is shown in 
Fig. 2. 

According to the analysis of the low even configu- 
rations given by Trees and Harvey,” the levels 
4d*(*S)5s "7S, and *S; are not perturbed (the wave 
functions are pure). The former level is expected to have 
a larger splitting of the odd isotopes. A perturbation 
calculation shows that the upper level of 43903 has a 


Mol 15888 (Ad's? 5D, - 44° (S)5p°R) 


Me” Mo” 3 Me Me” 
Mo. Me 
-004 0 00% 0043 cm" 
wave number —- 


Mo I 2.9533 [44°(°s)Ss°s, -44°(°S)5p°R |] 


a dd ay 


a 

-0057 ii al 0.067 0090 cH! 
wave number —= 
F ar” F Me” 


Fic. 1. Hfs of the lines Mo 1 5888 and Mo 1 45533. 


~ ® E. C. Woodward and D. R. Speck, Phys. Rev. 96, 529 (1954). 
4 W. M. Cloud, Phys. Rev. 99, 623(A) (1955). 
( 118 Nole added in proof.—See also J. Blaise, Z. Physik 141, 87 
1955). 
#R. E. Trees and M. M. Harvey, J. Research Natl. Bur. 
Standards 49, 397 (1982). 
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Fic. 2. His of the line Mo 1 43903. 


total splitting of the order of 0.000 to —0.060 cm“. 
Thus the hfs of the line 43903 is the most suited for 
determining the spins. The tail components 4, a, 6, and 6 
(Fig. 2) were not resolved, but the intensity distri- 
bution shows that this tail consists of at least three 
components, so the final level in Mo” and Mo” splits 
into seven hyperfine levels: the spin 5/2 is therefore ex- 
cluded. The sums of intensities d+ a+6+6 and ¢+c (in- 
stead of the intensity of an individual component) were 
measured directly. The intensity ratio (d+a+6+5) 
(¢+c) was measured to be 0.93+-0.10. This ratio should 
be 1.00 for the spin 7/2 and 1.25 for the spin 9/2. We 
conclude, therefore, that the spins of Mo” and Mo” 
are 7/2." 

The observed hfs of the line 45533 [4d°(®S)5s °S, 
~ 4d*(*S)5p *P2] is shown schematically in Fig. 1. A 
calculation shows that the upper level has a negligible 
splitting of the odd isotopes, so the interpretation of the 
hfs is simple. Here again the observed hfs is consistent 
only with the assumption of the spins 7/2 for Mo” and 
Mo”. 

From the measured splittings of d°s 7S, and °S, we get 
by the aid of the LS-coupling formulas A[d*(*S)s 7S; ] 
= }a(s),A[d*(*S)s°S;]|=—jJa(s) a consistent value 
a(5s)= —0.057, cm™ for Mo”. The assumption of 
I=5/2 would meet with a difficulty in this respect. 
Putting this a(5s) and Z=42, Zo>=1,F (relativity cor- 
rection factor)= 1.20, 1—é8 (nuclear finite volume cor- 
rection) = 0.978 and (dn*/dn) /n® =0.37, in the modified 
Goudsmit-Fermi-Segré formula, 


ZZe(1—8)F dn* 
117.8 a” 7 


we get u«(Mo™) =u(Mo*’) = (—1.340.2) nm. They are 
in good agreement with the more accurate values that 


dn p 
a(s)= 





In Fig. 2 the hfs transition scheme is drawn, assuming that 
the interval factor of the initial level is strictly zero. If this has a 
finite value, the splitting of the final level shown in Fig. 2 will have 
to be slightly corrected, but the conclusion regarding the nuclear 
spins would not be changed at all 
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are obtained by putting 7/2 in the nuclear induction 
g-values [Eq. (1) ]: 
u(Mo**) = — 1.273640.0002 nm, 

u(Mo*”) = — 1.3006+0.0002 nm. 


They include no diamagnetic correction. These magnetic 
moments with spin 7/2 are not in agreement with the 
prediction of the single particle shell model. 


Il. NUCLEAR MOMENT OF Zr 


Using a sample enriched in Zr", Arroe and Mack" 
studied the hfs of the spectrum of Zr 1 and determined 
the nuclear spin of Zr" to be 5/2. Using a natural 
sample, Suwa"* studied the hfs of the lines of Zr1 that 
are suited for determining the magnetic moment and 
calculated it to be u(Zr®") = — 1.30.3 nm. However his 
calculation is somewhat inaccurate, so his limit of error 
of 4 must be somewhat widened. 

In the present investigation the hfs of the group of 
lines 4d°5s *F —4d°5p °G was studied."* The observed 
hfs of the line \4788.7 (4d*5s 5F,—4d*5p °Gs) is shown 
schematically in Fig. 3. Both the initial and the final 
levels are of good LS-coupling, so the interval factors 
can be expressed by 


A (d*s *Fs) = (1/10)[a(s)+8ay'+a¢'+8aq'”" ], 
A (d°p °Gs) = (1/600) (401 a4’ +4904" + 24844") 
+ (1/40) (9a,’+-a,”), 
aq =a(dsj2), aa =a(dy2), aa” =a(dsy2, 3/2), 
Gy =a(ps2), ap’ =al(py2), dp’ =a(Pays2 12). 


The value of u(Zr") can be calculated by the usual 
procedure, using these formulas. It is only to be re- 
marked that (dn*/dn)/n*=0.26,; for the 5s electron of 
Zr 1. The result of the calculation is 


u(Zr™) = — 1.90.2 nm. 


The same value with the same accuracy can be obtained 
from the hfs of the line 44239 (4d*5s *F,—4d*5p *F,) 
measured by Suwa."* It may be noted that the above- 
mentioned value of u(Zr®") is nearly coincident with the 
Schmidt limit, as in the case of O" that was measured 
by Alder and Yu." 


II. QUADRUPOLE MOMENT OF I’ 


In a previous work'* the hfs of the visible lines of I 1 
was studied, and the value of Q(I"*’) was deduced to 
be —0.72X10~-™ cm? (including the polarization cor- 
rection due to Sternheimer") from the level 5p*6s *P 5,2, 
and —0.76X 10-™ cm? from the level 5p*6s *P a2. It was 
shown that the former is far more trustworthy than the 
latter. In the mean time an accurate measurement 


us H. Arroe and J. E. Mack, Phys. Rev. 76, 873 (1949). 

“S. Suwa, J. Phys. Soc. (Japan) 8, 734 (1953). 

The classification of the spectrum of Zr 1 was given by C. C. 
Kiess and H. K. Kiess, J. Research Natl. Bur. Standard 6, 621 
(1931). 

" F. Alder and F. C. Yu, Phys. Rev. 81, 1067 (1951). 

* K. Murakawa and S. Suwa, Z. Physik 137, 575 (1954). 

* R. Sternheimer, Phys. Rev. 84, 244 (1951) ; 86, 316 (1952). 
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(atomic beam resonance method) of the hfs of the 
ground level 5p°*P:. of I1 has been published by 
Jaccarino ef al.™ Using the spectroscopic notation to 
describe the hfs multiplet™* in the form 


E= E,+4AK+BK(K+1)+C(K°+4K° 
+4#K{—37(14+1)J(J+1)4+1041)4+J(J+1)4+3}], 
K=F(F+1)—1(1/+1)—J(J+1). 


Their result can be summarized as follows: A = 827.265 
Mc/sec=0.0275755 cm™, B=0.47765X10" cm™, C 
=0,00454X10-* cm™. The constant B determines 
Q(T?"). From the data of Jaccarino et al. Jache, Blevins, 
and Gordy” obtained Q(I"*’)= —0.819X10- cm?*. If 
the wave function of 5p°*Ps2. of I1 were pure, then 
(1/r*) could be simply eliminated from the expression 
for B, using the value of A and the nuclear induction 
value of »(I'*?); then the aforementioned value” of QO 
would be obtained. However in reality the wave func- 
tion is perturbed in such a way that the expression for 
A is strongly modified and that for B is somewhat 
affected. 

The configuration 5s5p*6s gives rise to several levels, 
among which *P3/* and *P3/2> must be given special 
consideration. In the spectrum of In™ the levels 
5s5p* *P2 and 5s*5p*6s °S; lie 81916 cm™ and 81040 cm™ 
respectively higher than the ground level 5s*5p**P;. 
Then we can assume that in the case of I 1 the levels 
from the configuration 5s5p*%6s lie approximately 10° 
cm higher than the ground level. A calculation similar 
to that of Fermi and Segré™ and Koster*® shows that 
A (5s*5p**P32) is diminished by a finite amount owing 
to the mixture of 5s5p*6s *Ps)o* and *P 4)". It is therefore 
not acceptable to use the value of A in the calculation 
of 0. We have therefore to use the value of B only, and 
the formula given by Koster gives Q(I*”)=—0.68 
X10-™ cm’, if we assume Z,*=53—4= 49, and Q(T’) 
= —0.69X 10" cm’, if we assume Z,*=53—3= 50. 

It is to be remakred that Koster’s formula for Q is 
valid only when the configuration 5s5p*6s is of LS- 
coupling. In reality this is not the case, and the true 
value of Q would be slightly larger than the above 
mentioned one. Giving larger weight to Q from 5p* *P 4). 


2r 147887 (sd PSs °F, - 44° Sp G,) 
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Fic. 3. Hfs of the line Zr 1 \4788.7. 


asggcatinn King, Satten, and Stroke, Phys. Rev. 94, 1798 
" H. B. G. Casimir and G. Karreman, Physica 9, 214 (1942). 
C. Schwartz, Phys. Rev. 97, 380 (1955). 
* Jache, Blevins, and Gordy, Phys. Rev. 97, 680 (1955). 
™K. Murakawa, Z. Physik 109, 162 (1938). 
™ E. Fermi and E. , Rendiconti della R. Acad. d'Italia 4, 
18 dag: Z. Physik 82, 729 (1933). 
G. F. Koster, Phys. Rev. 86, 148 (1952). 
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than Q from 5p6s *Py2, we might consider 
Q(T") = (—0.69-+0.03) X 10- cm” 
the best value available at present. 
IV. QUADRUPOLE MOMENTS OF Sb'*' AND Sb'* 


Using separated isotopes Sb’ and Sb™, the author 
studied” the hfs of the level 5p6s*P, of Sb 1 and ob- 
tained the quadrupole moments Q(Sb™)=(—0.52 
+0.10) X 10™ cm? and Q(Sb™) = (—0.67+0.10) X 10- 
cm*, When the polarization correction due to Stern- 
heimer” is applied, they become 


Q(Sb"*) = (—0.53-40.10) X 10- cm?, 
Q(Sb"*) = (—0.68-0.10)X 10 cm’, 


Using natural sample, Sprague and Tomboulian” 
studied the hfs of the levels of Sb un with J=1. They 
studied among others the level 5p6s *P; and concluded 
that this is perturbed by a close-lying level, and calcu- 
lated the quadrupole moments to be Q(Sb™) = —1.3 
X 10-* cm? and O(Sb™) = --1.7X10-™™* cm*. 

ST deduced the hfs of 5p6s*P, from the line 45895 
(Sp6s *P,—5p6p *P»). The hfs measurement of this line 
is disturbed by the strong helium line 45876, when the 
hollow cathode is cooled. The intensity of the disturbing 
helium line is suppressed only when the cathode is hot, 
but then the hfs components of 45895 become somewhat 
diffuse. 

In the present investigation some plates that were 
taken using a hot hollow cathode were measured, and 
it was found that a probable error of +0.003 cm™ must 
be admitted for the hfs. Since ST used a hot hollow 
cathode, one would be permitted to ascribe a probable 
error of +0.003 cm™ to their measurement. ST’s 
virtual level, which should be 133 cm™ distant away 
from the level 5p6s*P;, was carefully searched for in 
the present work, and it was found that this is definitely 
nonexistent. Then the quadrupole moments can be 
calculated by the usual procedure without the assump- 
tion of perturbation of a close-lying level, and from 
ST’s measurement of the hfs of 45895, it follows** that 
Q(Sb™) = (—0.2+0.6) K 10 cm? and Q(Sb™) = (— 1.2 
+0.6)X10~-™ cm’. They agree, within the experimental 
error, with those derived from the level 5p6s *P». How- 
ever, as remarked in the previous work,” the level 
5p6s *P; is not favorable for our purpose, owing to its 
small quadrupole effect. The same remark applies to 
the hfs of the level 5p6p *D, measured by ST. Thus the 
values of the quadrupole moments originally given by 
ST become invalid. 

Loomis and Strandberg” calculated the upper and 
the lower limits of Q(Sb"") and O(Sb™), using their 
microwave data. In their calcuiation they used Q(T’) 

*K. Murakawa, Phys. Rev. 91, 1252 (1954). 

™ G. Sprague and D. H. Tomboulian, Phys. Rev. 92, 105 (1953). 
This paper will be referred to as ST. 

Murakawa and S. Suwa, Phys. Rev. 76, 433 (1949). 


=. C. Loomis and M. W. P. Strandberg, Phys. Rev. 81, 798 
(1951) 
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as a standard. When the new value derived in Sec. III 
of the present paper is substituted in their formula, 
their limits become 0(Sb™) = (—0.52 to —0.75)K 10- 
cm*, 0(Sb™) = (—0.67 to —0.93)X10-* cm*, which 
agree satisfactorily with the values deduced here. 

In the same way the discrepant values of 0 published 
by Gordy” can be modified and brought into agreement 
with those obtained in the present work. 
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Note added in proof.—In the meantime the hfs of the 
line Mor 44979 (S.—7D,;) has been measured, and 
A[{d*(*S)s°S,]}=0.011, cm and therefore a(5s)= 
— 0.067 cm~ was obtained for Mo”, where this A was 
obtained purely empirically. Comparing this with the 
nuclear induction value of yu, we see that (dn*/dn)/ 
n*,, (Mo 1)=0.44 instead of 0.37, that was deduced 
purely spectroscopically in this article. 
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The gamma radiations of In”’ have been investigated with a scintillation spectrometer. The [n®’ was 


produced in a cyclotron by a (dn 


reaction on electromagnetically enriched Cd™*. Beta-gamma and 7-7 


coincidence experiments showed, in addition to the annihilation radiation, only one y ray of 0.22-Mev asso 


ciated with the 2-Mev positror 


I. INTRODUCTION 


HE first reported by 
Mallary and Pool' as a product of deuteron and 


radioisotope In’ was 
proton bombardment of cadmium enriched in Cd, 
They observed a positron activity with a 33-minute 
half-life and an energy of 2 Mev. While they report 7 
rays accompanying this decay, they give no energy 
values. The only other reference to this activity in the 
literature to date is one to a mass spectrometer study 
by Maclure* who confirmed the mass assignment of 
Mallary and Pool. No mention was made, however, of 
positron or y-ray energy measurements. 

Information on the radiations of the other isotopes 
formed in low-energy deuteron bombardments of cad- 
mium is available in the literature.’ 


Taste I. Mass analysis of cadmium oxide target material 
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private communication 
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1 E. C. Mallary and M. L. Pool, Phys. Rev. 76, 1454 (1949). 

*K. C. Maclure as given by reference 3 

* Hollander, Periman, and Seaborg, Revs. Modern Phys. 25, 469 
(1953). 


Phillips Petroleum Company, Bartlesville, 


Il. EXPERIMENTAL METHODS 

Radioactive indium isotopes were produced by a (d,n) 
reaction in bombardments of cadmium oxide with 
7.8-Mev deutrons in the University of Michigan cyclo- 
tron. Fifty milligram samples of Baker and Adams 
reagent-grade cadmium oxide were used initially while 
for the final bombardments 10-15 mg samples of cad- 
mium oxide electromagnetically enriched in Cd were 
used. The enriched samples were obtained from the 
Isotope Research and Production Division, Carbide and 
Carbon Chemicals Corporation, Oak Ridge, Tennessee. 
Mass analyses of the materials are given in Table I. The 
indium was chemically separated from cadmium and 
silver activities produced by (d,p) and (d, alpha) reac- 
tions upon cadmium and from activities arising from 
deutron reactions on impurities such as lead and zinc in 
the cadmium oxide target. Bombardment products of 
the oxygen in the target caused no interference. 

The cadmium oxide target was dissolved in concen- 
trated nitric acid containing carriers of silver, indium, 
lead, thallium, bismuth, zinc, copper, and gallium. The 
chlorides of silver, thallium, and lead were precipitated 
with a few drops of 1N HCl, digested, filtered and dis- 
carded. From the filtrate, indium, gallium, lead, and 
bismuth hydroxides were precipitated with concen- 
trated NH,OH, filtered and washed. They were dis- 
solved in 6V H,SO, and boiled to precipitate PbSO,, 
which was discarded. Finally the filtrate was made basic 
with concentrated NaOH to reprecipitate the bismuth 
and indium hydroxides, leaving the gallium in solution 
as the soluble gallate ion. Bismuth was removed from 
the indium by dissolving these hydroxides in 5% HCl, 
precipitating bismuth cupferrate with an excess of 
cupferron (ammonium phenylnitrosohydroxylamine) 
and filtering. Each carrier was again added and the 
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solution recycled through the above procedure. Finally 
the purified indium was precipitated with NH,OH, 
filtered onto 15-mm filter paper disks, dried and 
mounted between two layers of scotch tape for counting 
and measuring. 

The radiations were examined with the y-ray scintil- 
lation spectrometer and coincidence apparatus de- 
scribed earlier.* The y-ray spectra of the indium 
samples were obtained with a NaI(T1) crystal and were 
photographically recorded with a Land camera at 
various times after bombardment. Beta-gamma and 7-7 
coincidence counts were determined with a stilbene 
crystal detector for 8 rays and a NaI(TI) crystal for y 
rays. For the y-ray measurements, the 8 rays were re- 
moved with beryllium absorbers. 


Ill. RESULTS 


Spectrometer pictures® of the radiations from these 
chemically purified samples of both the standard and 
the enriched cadmium oxide bombardments showed a 
number of y-ray lines. The principal lines remaining in 
all samples after about 12 hours were the 0.335-Mev 
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Fic. 1. (A) Gamma-ray spectrum of indium from bombardment 
of cadmium oxide enriched in Cd™, (B) gamma-gamma coin- 
cidence spectrum of this sample, (C) decay of indium coincidence 
peak in (B). @=1 hr after bombardment. 4=1.75 hr after 
bombardment. * = 2.5 hr after bombardment. 


‘W. A. Cassatt, Jr. and W. W. Meinke, Phys. Rev. 99, 760 
(1955). 

* Wayne A. Cassatt, Jr., Ph.D. thesis, University of Michigan, 
September, 1954 (unpublished). Also U. S. Atomic Energy Com- 
mission Unclassified Document AECU 2958, September, 1954 
(unpublished). 

* Pictures of these spectra can be found in reference 5. 
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line of In"*" and the 0.172- and 0.247-Mev lines of 
In™. The 0.392-Mev line of In™, prominent earlier, 
decayed out with a half-life of less than 2 hours. 

In samples from bombardments of the enriched cad- 
mium oxide, a 0.51-Mev line is much more prominent 
relative to the 0.392-Mev line than in the unseparated 
isotope bombardments. This line decays out with a half- 
life of about 30 minutes. In addition, the y-ray spectra 
[ Fig. 1(A)] of one of these samples showed a weak, 
rapidly decaying peak between the two prominent In'™ 
peaks at 0.17 and 0.25 Mev. Low-energy y-ray lines 
from other short-lived cadmium isotopes formed in the 
bombardments either had decayed out by the time the 
samples were measured (about two hours after the end 
of bombardment) or so closely overlapped other y-ray 
lines and Compton spectra that they could not be 
readily distinguished. 

Studies with a stilbene detector of the 8-ray spectrum 
of a sample obtained from the enriched Cd'®* showed a 
8 ray of about 2 Mev with a half-life of about 30 
minutes. This agrees with the 2-Mev, 33-minute 8 ray 
assigned to In’? by Mallary and Pool.' 

For 8-y coincidence measurements, the 8-ray detector 
was set to pass pulses between 0.8 and 1.0 Mev while the 
y-ray detector swept through the pulse-height range 
from 0 to 2 Mev. Measurements in the y-ray region 
below 0.4 Mev were repeated at several intervals after 
bombardment and are plotted in Fig. 1(B). The peak 
occurred at 0.22 Mev and decayed with a half-life of 
~35 minutes. A small peak at 0.51 Mev was also 
detected to be in coincidence with the 8 rays. 

In summary, it was observed that the 2-Mev @ ray, 
the 0.51- and 0.22-Mev y rays, and the coincidence 
peak between the @ ray and the 0.22-Mev y ray all 
decayed with a half-life of approximately 30 minutes. 
The relative yields of the 0.51-Mev y ray increased with 
the enrichment of the Cd! isotope in the cadmium 
oxide target. Such an effect on the 0.22-Mev line was 
partially masked by the 0.17- and 0.25-Mev lines but 
was still evident. No other short-lived y rays coincident 
with the 8 ray were observed in the indium samples. In 
view of these data, the simple decay scheme proposed in 
Fig. 2 seems to be reasonable. 

The authors appreciate the cooperation and help of 
Professor W. C. Parkinson, Professor P. V. C. Hough, 
and the crew of the University of Michigan cyclotron. 
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Two unreported gamma rays of energy 0.44 and 0.49 Mev are assigned to Np™ by reason of chemical 
properties and decay constant. The intensities of these gamma rays relative to a previously reported Np™ 


gamma at 0.334 Mev have been determined to be + 
Measured yields 


0.33 Mev 
gamma rays per decay) for the 0.44- and 0.49-Mev gammas are 1.6X10~ and 1.9K 10™ 


: y2(0.44 Mev) ::(0.49 Mev) = 100:0.40:0.50 


gamma rays per decay. It seems probable that both of these gamma rays originate from a single Pu™ level 


at 0.49 Mev 


‘NEVERAL samples of Np™ 
\J obtained by ion exchange separations from neutron- 
irrad.ated uranium. The neptunium was purified by 
repeated anion exchange on Dowex A-1 resin' and by 
TTA* extraction. Reduction to the Np(IV 


necessary for the made 


high-activity were 


valence 
state separations was with 
ferrous sulfamate 

Each sample, when observed with a gamma-ray 
scintillation spectrometer, was found to emit gamma 
rays of energy 0.44 and 0.49 Mev. These gammas were 
of very low intensity compared to the lower-energy 
Np™ radiation, so lead absorbers were used to eliminate 
pileup of pulses from low-energy gamma rays while 
maintaining a reasonable counting rate at the higher 
energies. Figure 1 shows a spectrum obtained with a 
14-inch thick NalI(Tl) crystal 
through a 8.12-¢/cm? lead absorber 

The decay of these gamma rays relative to a known 


diameter by 1 inch 





ae a See + 
b— Np?3® on i'e-X I- in Nol 
8.12 gm cm® Leod Abs. 
Source of i.5cm T 


OuNTS PER SECOND 





id 
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Fic. 1. Gamma-ray spectrum of Np® from a 
NalI(T)) scintillation spectrometer 


' Dow Chemical Company, Midland, Michigan 


* Thenoy! trifluoro acetone as a 0.5 molar solutior xylene 


Np” gamma at 0.334 Mev’ was followed intermittently 
for twelve half-lives by comparing peak counting rates. 
The relative half-lives of the Np™ gamma ray and the 
new gamma rays were found to differ by no more than 
0.3%. The decay data and chemical separations justify 
assignment of these gamma rays to the Np™ decay. 

By correcting for the variation with energy of counter 
efficiency and lead transmission, it was possible to 
determine the intensities of the 0.44- and 0.49-Mev 
gamma rays relative to the intensity of the 0.33-Mev 
gamma ray. These values are included in Table I. 

The gamma-ray yields (gamma rays per decay) were 
determined from measured counting efficiency and 
souree activity. The counter efficiency was determined 
at 0.411 Mev by counting a calibrated Au’* source in 
the same geometry as the Np*® sample. By correcting 
the measured efficiency to 0.44 and 0.49 Mev, the total 
emission rate of the 0.44- and 0.49-Mev gamma rays 


was determined. The total neptunium source activity 


rase I. Relative intensity and absolute yield 
of two high energy Np™ gamma rays 


Mev Relative intensity Vield (gammas per decay) 


0.334 100 
0.440 0.40+0.05 
0.490 0.50+0.05 


(1.6+0.5)«10~¢ 
(1.9+0.5)xK 10 


was obtained from a 4m beta count of an aliquot of the 
Np™ sample. The gamma-ray yields of the 0.44- and 
0.49-Mev gamma rays are included in Table I. The 
gamma-ray yields are somewhat less accurately deter- 
mined than the relative intensities. The errors quoted 
for relative intensity and gamma-ray yield are estimates 
of probable error including uncertainties of lead 
transmission and counter efficiency corrections. 

It seems probable that both the 0.49- and 0.44-Mev 
gamma rays originate from a single Pu™ level at 0.49 
Mev, the 0.44-Mev gamma ray going to the 0.049-Mev 
level. Any lower energy gamma rays from this level 
would be obscured in the intense low-energy radiation 
accompanying the higher-yield beta-ray groups. 

We wish to thank R. E. Peterson for the 4x beta-ray 
counting of the Np™ sample aliquot and D. W. Brite 
for assisting in the radiochemical purification of 
neptunium. 


* Hollander, Perlman, and Seaborg, Tables of Isotopes, Revs. 
Modern Phys. 25, 607 (1953). 
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The C"(y,") yield curve has been studied near the threshold for the reaction with a 22-Mev betatron, 
A discontinuity in slope, or “break,” is observed to occur 370 kev above the threshold. This is in disagreement 
with previously published results. The discrepancy is important since it indicates a disagreement in the 
measurement of the C(y,»)C™ threshold, and this threshold is used to establish the energy calibration of 


the betatron 





INTRODUCTION 


HE energy calibration of betatrons operating 

in the 20-Mev region is customarily made by 
measuring thresholds. Photonuclear reactions whose 
threshold energies are accurately known are used for 
this purpose. For example, the (y,) reactions in 
Be*, Cu®, O'*, and C® are often used. 

This paper reports on a study of the C"(y,n)C" 
yield curve in the vicinity of the threshold. The work 
was done with the 22-Mev betatron at the University 
of Illinois. The reaction is particularly important be- 
cause it has the highest threshold (18.73 Mev) of the 
commonly used calibrating reactions. 


EXPERIMENTAL TECHNIQUE 


Because of the high threshold value, some difficulty is 
experienced in obtaining samples which are satisfac- 
torily free of background activities. In this respect it is 
somewhat better to detect the reaction by counting 
radioactivity than by measuring the neutron yield, 
since the counting period may be arranged to dis- 
criminate against short-lived background. 

In the present experiment the 20.5-minute 8* activity 
of C" was counted. The experimental arrangement was 
very similar to that used in a recent study of the 
Q'*(y,n)O" reaction.' 

Cylinders of polystyrene were irradiated, four at a 
time, for periods of 10 minutes. Counting was begun 
about a minute after irradiation and was continued for 
10 minutes. The samples were placed about 26 cm 
from the x-ray target. 

RESULTS 


The results of the measurements are shown in Fig. 1, 
where the observed activity is plotted against the 
integrator setting (setting of the energy controlling 
device). Each point which is shown is an average of 
from two to six irradiations. In all, some 70 irradiations 
were made in about eighteen hours of running time. 


* Supported in part by the joint program of the Office of Naval 
Research and the U. S. Atomic Energy Commission 

t Fulbright Fellow, on leave from the Physics Department, 
University of Melbourne, Melbourne, Australia. Present address, 
University of Melbourne. 

t Present address, Institute for Nuclear Studies, University of 
Chicago, Chicago, Illinois. 

‘A. S. Penfold and B. M. Spicer, following paper [Phys. Rev. 
100, 1377 (1955) ] 


The apparent threshold is at an integrator setting of 
7-241+4 and this then corresponds to 18.7320.03 
Mev.? In addition, a sudden change of slope, or “break,” 
is observed to occur at an integrator setting of 7-290+.5, 
corresponding to 19.10+0.04 Mev. 

The energy increment per integrator unit is 7.5 kev. 

The presence of breaks in the C"(y,n)C" yield curve 
has been previously reported by Katz ef al.* 

The background activity is energy-independent to 
within experimental accuracy and was determined to be 
mostly due to nitrogen and oxygen. This was deduced 
from half-life measurements. The background activity 
was about three times cosmic ray background. 

To check on the quoted threshold, half-life measure- 
ments were made at integrator settings of 7-240 and 
7-250. For these measurements the samples were 
irradiated for 40 minutes to enhance the carbon activity 
as much as possible. The decay curves were followed 
for 50 minutes. The irradiation at 7-250 showed an 
appreciable activity of 20-minute half-life. The irradia- 
tion at 7-240 showed none. 

Figure 2 shows the C#(y,n)C" yield curve for a 
distance of about 1 Mev above threshold. The data 
which are plotted in Fig. 1 are shown by the solid dots 
and the statistical error is about as big as the dots. The 


C*y,n) threshold 
(18.732 0.03 Mev) 
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Fic. 1. C®(y,n)C" yield curve near threshold. The observed 
activity is plotted against the integrator setting. Each point 
represents the average result of from two to six irradiations. 


?F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955) 

* Katz, Haslam, Horsley, Cameron, and Montalbetti, Phys. 
Rev. 95, 464 (1954). 
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FG. 2. C8(yn)C" yield curve near threshold. The data from 


Fig. 1 are shown by solid dots. The open circles represent the 
2 ’ 
The two arrows indicate the 


results of an earlier determination 
position of the threshold as erroneously quoted on two occasions. 


data shown by the open circles were obtained at an 
earlier date. The curve is thus a composite one showing 
data taken at two different times. The two sets of data 
could be put together with confidence because of the 
excellent long-time stability of the betatron and because 
of an energy checking procedure described elsewhere.‘ 

Each of the open circles in Fig. 2 represents the result 
of irradiating a single polystyrene cylinder at 40 cm 
from the x-ray target. 

Two breaks are evident in Fig. 2; one at an integrator 
setting of 7-290 and the other at a setting of 7 
These correspond to energies of 19.10+0.04 Mev and 
19.55+0.05 Mev. 

Because the yield curve points are taken relatively 
far apart it is impossible to determine the detailed 
nature of the yield curve in between the breaks. 


354. 


DISCUSSION 


The results demonstrate a basic difficulty of using 
threshold measurements in light elements to fix the 
energy scale of an accelerator. The difficulty arises 
from the fact that the yield curves have fine structure 
in the form of discontinuities in slope, or breaks. These 
breaks have been interpreted as manifestations of 
narrow resonances in the gamma-ray absorption cross 
section." 

The difficulty may be illustrated with the aid of 
Fig. 2. The apparent threshold of 7-241 corresponds to 
the point at which the C" activity becomes too small 
to be detected. However the setting might correspond 
to a resonance in the cross section above the kinematic 
threshold. In that case the threshold would lie at a 
lower integrator setting 
(200 kev) lower. 

The present results on the yield-curve breaks are 
compared to the results of Katz ef ai.’ in Table I. The 
error which is quoted for the latter’s results was esti- 


even as much as 30 units 


*B. M. Spicer and A. S. Penfold, Rev. Sci. Instr. 26, 952 
955 


AND A. S. 


PENFOLD 


TaBLe I. Comparison of C"(y,n) yield-curve breaks with 
those observed by Katz et al. 








Break energy (Mev) 
Present 
results 


18.73 
+0.03 


Mev above threshold 
Present 
results 
0.00 
+0.04 


Katz ef al.» 


18.73 
+0.03 


Katz ef al.. 
0.00 
+0.05 


0.57 
+0.05 


1.02 
+0.05 





Threshold 
(cal pt) 


19.10 
+0.05 


19.30 
+0.05 


0.37 
+0.05 


First break 


19.55 
+0.05 


19.75 
+0.05 


().82 
+0).05 


Second break 








* See reference 3. 


mated from published curves. The agreement is not 
satisfactory. This is especially true if one considers that 
in each case the C"(y,n)C" threshold was used to 
calibrate the energy scale. 

A possible explanation for the discrepancy can be 
derived from a consideration of Fig. 2. Suppose that 
the whole yield curve had been determined in the 
manner indicated by the open circles—-that is, with 
similar spacing of points and statistical errors. It is 
easy to imagine that the extension of the region above 
the first break could be mistaken for the threshold. 

This error was made by us on two occasions prior to 
the measurements shown in Fig. 1. On these occasions 
the threshold was taken to be at the positions shown by 
the two arrows in Fig. 2. 

If then, a setting of 7-277 was taken for the threshold, 
the energy scale would be in error by 0.28 Mev near 
the carbon threshold. Then an energy of 19.27+0.05 
Mev would have been assigned to the break at 7-354. 
This value agrees very well with the value of 19.30 
+0.05 Mev which Katz et al.’ assigned to their first 
break. 

CONCLUSIONS 

According to the results of the present measurements 
there is a break in the C"(y,n)C" yield curve 370450 
kev above the threshold. This result is in disagreement 
with previous work’ in which the first break was 
measured to be 570+ 50 kev above the threshold. Since 
the C® threshold was used as an energy calibration 
point in both the previous and the present work, the 
disagreement is attributed to difficulties in determining 
the C® threshold. 

The disagreement amounts to 280 kev which is in 
itself not too serious. However, it has been customary 
to fix the energy scale above 19 Mev by extrapolating 
the calibration curve from lower energies through the 
C® threshold. The discrepancy could then be as large 
as 600 kev at 23 Mev. 

It seems clear that the practice of calibrating the 
energy scale by measuring thresholds in light elements 
should be abandoned, or at least the.data should be 
supplemented with a careful series of magnetic field 
measurements. 
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Detailed Study of the O''(y,n)O"” Reaction* 
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The yield curve for the O"*(+,n)O" reaction has been examined in detail over most of the energy region 
between 15.6 Mev and 23.2 Mev. Fine structure in the form of sudden changes of slope, or “breaks” had 
been previously reported by the Saskatchewan group. The existence of these breaks was confirmed, and a 
number of new breaks have been found. The yield curve was analyzed for cross section in the vicinity of a 
break at 16.03 Mev, and it was found that the cross section has a resonance shape with a width of 182-5 kev. 
The yield curve breaks are interpreted as manifestations of narrow resonances in the cross section. Integrated 
cross sections, peak heights, and radiative widths were estimated for all the levels found. On the basis of the 
radiative widths, it is concluded that, below about 19 Mev the reaction proceeds by absorption of £2 radi- 
ation, while between 22 and 23 Mev it proceeds principally by absorption of E1 radiation. No conclusion 
could be drawn for the 20 to 21 Mev region. From a consideration cf the total integrated cross section, and 
the cross section at 17.63 Mev it is concluded that the bulk of the gamma-ray absorption by O"* takes place 


into narrow levels. 


INTRODUCTION 


HE gross features of the cross section for the 
O'*(y,n)O" reaction have been known for some 
time. The cross section is small and slowly rising for 
the first three Mev above threshold, and then, starting 
at about 19 Mev it increases sharply as the peak of the 
giant resonance is approached.’~* These results repre- 
sent the gross behavior with detail one and a half Mev 
or less in extent averaged over. There are two reasons 
for this averaging. First, the cross-section analyses were 
made in 1-Mev steps and second, either the yield curve 
was smoothed before analysis,'** or the results were 
smoothed after analysis.’ 

Early in 1952, workers at the University of Sas- 
katchewan observed a number of abrupt changes of 
slope in the yield curve of the O" reaction.’ These 
abrupt changes of slope will henceforth be referred to 
as “breaks” or “fine structure.”” The Saskatchewan 
group observed five such breaks between the reaction 
threshold (15.60 Mev) and 17.5 Mev. Further work 
showed that there were similar breaks in the yield 
curves for other light nuclei, and that they occurred at 
different energies in different nuclei. The breaks were 
interpreted as manifestations of narrow resonances in 
the total absorption cross section, in analogy with the 
earlier results of the Notre Dame group* on the ex- 
citation of low-lying levels with x-rays. 

The present paper reports on a detailed study of the 


“ Seen in part by the joint program of the Office of Naval 


Research and the U. S. Atomic Energy Commission. 

t Present Address, Institute for Nuclear Studies, University of 
Chicago, Chicago, Illinois. 

t Fulbright Fellow, on leave from the Physics Department, 
University of Melbourne, Melbourne, Australia. Present address 
at the University of Melbourne 

' Horsley, Haslam, and Johns, Can. J. Phys. 30, 159 (1952) 

2 R. Montalbetti and L. Katz, Can. J. Phys. 31, 798 (1953) 

3 Ferguson, Halpern, Nathans, and Yergin, Phys. Rev. 95, 776 
(1954). 

*L. Katz and A. G. W. Cameron, Can J. Phys. 29, 518 (1951) 

‘Haslam, Katz, Horsley, Cameron, and, Montalbetti, Phys. 
Rev. 87, 196(A) (1952). 

* E. Guth, Phys. Rev. 59, 325 (1941), and references given there. 


O"*(y,n) yield curve over most of the energy region 
between the threshold and the peak of the giant reso- 
nance. The purpose of making these masurements was 
twofold. First, an independent verification of the yield 
curve breaks reported by the Saskatchewan group was 
desired, and second, it was planned to obtain as com- 
plete a picture of the reaction as possible, Gross meas- 
urements'* have indicated a cross section of unusual 
shape, and the suggestion was made! that gamma 
radiation of more than one multipolarity is involved. 
It was hoped that this suggestion could be checked if 
the specific properties of some of the levels responsible 
for the yield curve breaks could be determined. 


EXPERIMENTAL DETAILS 


The very nature of the experiment demanded the 
maximum control of all factors, so that fine detail in 
the yield curve could be observed. Consequently, a 
detailed discussion of the experimental arrangement 
and procedure will be given. 


(a) Samples 


The “oxygen” samples used were hollow cylinders 
of boric acid (H;BO;) of mass 61.3 grams, internal 
diameter 2.06 cm, external diameter 3.40 cm, and 
length 7.70 cm. They were made by compressing boric 
acid in a mold under a pressure of ten tons per square 
inch. 

In all, some sixty cylinders were made and counting 
tests showed that they were identical to within 0.5%. 
It should be noted that the walls of the cylinders were 
thick enough so that the counters were not sensitive 
to the activity near the outer surface, and that the 
samples more than covered the sensitive volume of the 
counters. This was important as the cylinders became 
rather worn after long use. 

The samples were bound together in groups of two 
and groups of four, and were irradiated six at a time. 
Repeated tests failed to reveal any buildup of long- 
lived activities due to impurities in the boric acid. 
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b) Counting System 


The 2-minute 8* activity induced in the samples was 
counted with thin-walled aluminum Geiger counters 
(Victoreen thyrode—J B85) mounted in nests of two 
and four in cylindrical lead castles. The boric acid 
cylinders fitted snugly over the counters. 

The stability of the counters was checked frequently 
with a uranium oxide source pushed onto a rod along 
the axis of each lead castle. A stability of 0.75% was 
demanded. It was observed that the counters could be 
stable to better than 0.75% for long periods of time. 

A timing circuit turned the scalers on about 55 
seconds after irradiation and off about 210 seconds 
later. The exact times were read from clocks and a 
correction was applied to the total count to normalize 
to a 55- to 210-second scheme. This correction was 
obtained graphically and it rarely exceeded 1%. The 
counting system was well removed from the betatron, 
so that counting could be done while an irradiation 


was in progress 
c) Irradiation Geometry 


The source of photons in this experiment was the 
University of Illinois 22-Mev betatron, and the samples 
were usually located at 58 cm or 97 cm from the x-ray 
target 

The boric acid samples and the x-ray monitor were 
mounted together on an optical bench so as to move as 
a unit. In this way, the distance between the x-ray 
target and the sample could be changed without dis- 
turbing the geometry. No collimation was used. 

The monitor was placed behind the samples in such 
a way that the x-ray shadow cast by the samples almost 
exactly covered the sensitive plate of the monitor. 
Without this “eclipsing” geometry, a slight swinging 
of the x-ray beam could generate a fictitious break in 
the yield curve 


d) Monitor 


The x-ray beam was monitored with an aluminum- 
walled ion chamber placed behind a two-inch lead 
brick. The lead brick was used to reduce the sensitivity 
of the ion chamber and to eliminate possible troubles 
from ion recombination. 

The ion chamber was connected to a vibrating reed 
electrometer, and a two-minute time constant was 
introduced into the circuit so that during an irradiation, 
the dose recorded by the ion chamber was proportional 
to the activity in the samples. The proportionality was 
checked experimentally by purposely varying the yield 
rate from the betatron during an irradiation. The 
activity per unit dose was found to be independent of 
fluctuations in the x-ray intensity, even if the fluctu- 
ations were very violent. The success of this experiment 
was due in large measure to the use of the time constant 
in the monitor circuit. 

Temperature and pressure corrections to the monitor 
response were made after each irradiation. 


PENFOLD AND B. M. 
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The energy response of the monitor was determined 
by reference to that of a “Lucite” monitor (a Victoreen 
thimble behind four centimeters of Lucite) placed at 
the position of the samples. The ratio of the response 
of the ion chamber monitor to that of the “Lucite” 
monitor was observed to be constant to within 1% in 
the energy range 12 to 24 Mev. 


(e) Energy Calibration and Stability 


The primary energy calibration of the betatron 
integrator (energy-controlling device) was made by 
measuring the thresholds for several photonuclear 
reactions whose threshold energies are known from mass 
data. The reactions used were Be®(y,n) Be®, O'*(y,n)O", 
C®(y,n)C", and Cu®(y,n)Cu® with thresholds of 
1.664+0.002 Mev,’ 15.61+0.01 Mev,’ 18.73+0.03 
Mev,’ and 10.73+0.05 Mev, respectively. This latter 
value was obtained from unpublished work by the 
Saskatoon group in which the Cu™(y,”) threshold was 
compared to the known thresholds of the N“(y,n)N™ 
and F"(y,n)F'* reactions. 

The integrator dial was tested with a Leeds and 
Northrup potentiometer and it was concluded that 
local nonlinearities and backlash were equivalent to 3 
kev, at most, and were usually less than this. 

A secondary energy calibration system was estab- 
lished for checking on day-to-day fluctuations in the 
betatron energy’ and a “standard counting” system 
was established for monitoring hour-to-hour fluctu- 
ations in energy. This standard counting system is 
described in Sec. (f) below. 

The integrator circuits were left on 24 hours a day 
during any running period. 

The betatron was repeatedly observed to be stable 
to better then 3 kev for periods of several hours at a 
time. The maximum energy fluctuation observed be- 
tween January, 1954 and June, 1955 was 40 kev. Further 
details on the energy stability of the betatron are given 
elsewhere.’ 


(f) Standard Counting 


Hour-to-hour drifts in energy can be monitored by 
using a point on the yield curve where the activity per 
unit dose induced in the sample is known for a given 
integrator setting. At this integrator setting, the ac- 
tivity should increase rapidly enough so that small 
variations in energy can be detected. 

It was observed that the slope of the yield curve at 
about 17.3 Mev (integrator setting 7-030) was large 
enough so that the yield changed by 2.3% per 6-kev 
change in energy. Counting statistics at this point 
were 0.7% so that energy shifts of less than 3 kev could 
be detected. Standard counting at an integrator setting 

on: Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
ig McPherson, Greenberg, Katz, and Haslam (un- 
published). 
cea) M. Spicer and A. S. Penfold, Rev. Sci. Instr. 26, 952 





STUDY OF O'*(7,n")O'§ 


of 7-030 was chosen as the means of monitoring short- 
term energy fluctuations. About 25% of the working 
time was spent in standard counting, in order to keep 
a close check on the energy. 


PROCEDURE IN TAKING DATA 


The boric acid samples were irradiated in the betatron 
beam for from 2} to 3 minutes, depending on the energy. 

The pole bolt temperature of the betatron was main- 
tained constant by keeping the magnet excitation on 
continuously during the fifteen-hour day, except for a 
shutdown of about one minute at the end of each run. 
In hot weather, the shutdown time was increased some- 
what. 

A daily routine was established after a period of trial 
and error, and then was strictly adhered to. A one-hour 
warm-up time was allowed each morning before any 
attempt was made to take data. During this time the 
counter stability was checked with the uranium oxide 
source. Then a series of irradiations was done at inte- 
grator setting 7-030 to examine the energy stability. 
When it was observed that the betatron was stable to 
about +3 kev, irradiations for the accumulation of 
data would begin. Thereafter, one irradiation in four to 
six was done at integrator setting 7-030. 

The O'*(y,)O"* yield curve was examined in sections 
about 0.5 Mev in extent. The chosen region was first 
bracketed with two irradiations. Points were then taken 
every 60 kev working monotonically up the curve, and 
then every 60 kev working monotonically down the 
curve, in such a way that there was a point every 30 
kev. After that, data would be taken at randomly 
chosen energies until there was a point every 6 or 12 
kev. In this way the generation of breaks due to syste- 
matic errors was avoided. 
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Fic. 1. Over-all yield curve for the O"*(y,n)O” reaction, 
constructed from the detailed measurements described. 
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Fic. 2. Yield curve between 15.9 Mev and 16.6 Mev. 


Energy shifts indicated by the standard counting 
were applied to the data as they were taken, as were 
temperature and pressure corrections to the monitor 
response. 


RESULTS 


As mentioned, the yield curve was examined in small 
sections—about 0.5 Mev at a time. To set an over-all 
picture of the curve, the results of sectional measure- 
ments were combined to give the curve shown in Fig. 1. 
The points plotted there do not represent experimental 
measurements, but were taken from a curve drawn 
through the data. No data were taken in the regions 
shown by dotted lines. 

It is of interest to compare the yield curve of Fig. 1 
with these published by Katz ef al."° There is very good 
general agreement between the over-all shape of the 
present curve and those published by Katz. The energy 
assignments agree up to about 17.5 Mev but disagree 
at higher energies. The difference may be traced to the 
difficulty of measuring the C"(y,)C" threshold for the 
energy calibration. For this work, a very careful meas- 
urement of the carbon threshold was made, and it was 
discovered that the first break in the C"(y,n) yield 
curve had been mistaken for the threshold in our 
previous measurements of it. There is good reason to 
believe that this mistake had been made in all previous 
calibrations at Illinois, and that the error is not confined 
to this laboratory. A more detailed discussion of the 
measurement of this threshold is given elsewhere." 

Some of the detailed results obtained in this experi- 
ment are shown in Figs. 2 to 5. 

Figure 2 shows the yield curve in the region of the 
threshold (15.61 Mev), and the data represent 24 hours 
of working time. The points shown are the averages of 

*” Katz, Haslam, Horsley, Cameron, and Montalbetti, Phys. 
Rev. 95, 464 (1954). 


« B. M. Spicer and A. S. Penfold, precedin ver [Phys. Rev. 
100, 1375 (1955)}. »P % paper [Phys 
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3. Vield curve between threshold ar 
from two to four irradiations. Two decidedly abrupt 
changes in slope (breaks 

the region between the breaks is concave downward. 
This is consistent with the idea that the yield curve for 
a narrow resonance should approximate the shape of an 


are evident in the figure, and 


isochromat of the bremsstrahlung spectrum. 

Both of the breaks in Fig. 2 were reported by Katz 
et al., but the region between the breaks was reported 
to be straight. This conclusion could easily be reached 
if points are taken at 50-kev intervals. It is clear from 
Fig. 2 that if data were taken every 50 kev or so, and 
if the curve was not carefully followed near 16 Mev, 


the energy assigned to the 16-Mev break could be as 


low as 15.93 Mev 

The portion of the yield curve between 16.0 Mev and 
threshold is only poorly determined in Fig. 2. An 
attempt was made to examine this region in more detail. 
To do this, groups of cylindrical samples were moved 
up to about 20 cm from the betatron target so as to 
increase the yield. The results are shown in Fig. 3. 

The experimental points which are shown in Fig. 3 
were obtained by averaging the results of from two to 
four irradiations. The break shown at 15.83 Mev is a 
very weak one and is previously unreported. The shape 
of the yield curve right near the threshold is not well 
determined, due to the relatively large statistical error 
on the measurements, but one can conclude that there 
is probably a level in the near vicinity of threshold. 
Barrier effects may strongly affect the shape of the 
curve near threshold. 

Figure 4 shows the yield curve between 16.75 Mev 
and 17.08 Mev. This is the region immediately above 
that shown in Fig. 2. The two sets of data are plotted 
as they were taken—-without any normalization—and 
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the figure shows the excellent day-to-day reproduci- 
bility which was obtained. Breaks occur at 16.95 and 
17.02 Mev. A further break was observed at 16.75 Mev. 
This comes at the left hand edge of Fig. 4 and is not 
shown. Katz et al.” report breaks at 16.7 and 16.9 Mev. 
The latter is probably an average over the two breaks 
shown in Fig. 4. It is clear from the figure that data 
have to be obtained in very closely spaced intervals in 
order to resolve the two breaks. Representative sta- 
tistical errors are shown on two of the points in Fig. 4. 

The break®reported at 17.1 Mev by Katz et al.° was 
resolved into two breaks, one at 17.13 Mev and the 
other at 17.18 Mev. The sample to x-ray target distance 
used was 97 cm. When this distance was decreased to 
68 cm the two breaks could not longer be resolved 
owing, presumably, to the increased thick target effects. 
A single, rather rounded break was then observed at an 
energy of 17.15 Mev. 

Three previously unreported breaks were found at 
energies of 17.55, 17.68, and 17.84 Mev. In this region 
the breaks are much harder to detect. As one proceeds 
up the yield curve, breaks of a given but constant 
strength become more and more difficult to detect 
since the percentage change in activity which they 
occasion becomes smaller and smaller. The statistical 
error cannot be made smaller than about 0.7% per 
irradiation because of counter jamming during the 
initial part of the counting interval. 

To gain confidence in the ability of the experiment to 
resolve the small breaks, a type of Monte Carlo game 
was played. This game operated as follows. Two 
players, A and B, begin by establishing a prearranged 
ordinate and abscissa scale on two sheets of graph paper. 
The players then separate and A draws a yield curve on 
his graph paper. This curve has the same general slope 
as the experimental curve, and may have breaks in it 
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Fic. 4. Yield curve from 16.75 Mev to 17.1 Mev. The dots 
and crosses represent two different runs. 
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or not at A’s discretion. Player B is the “experimenter” 
and he makes a yield curve measurement by calling 
out an energy to A. The latter reads the yield curve 
value at this energy from his graph, applies a statistical 
error to it and calls out the result. B then plots the point 
on his graph. In this way a “measurement” is made. To 
assign a statistical error to the yield curve value, A 
makes use of a box of numbers distributed about unity 
with 1% standard deviation. Player B continues to 
make “measurements” until he is quite sure of the 
nature of his yield curve. In making the measurements, 
he attempts to adhere as closely as possible to the 
attitude which was adopted in the real experiment. 
When B is satisfied he terminates the measurements 
and A and B compare curves. 

The results of the Monte Carlo games which were 
played were most gratifying. About twenty different 
games were played, and in all cases the breaks were 
detected and their energy was correctly determined. 
Further, in no case was nonexistent structure read into 
the curves. In fact, structure weaker than was actually 
observed could be resolved if the fluctuations of points 
were entirely due to statistics and not to other experi- 
mental difficulties. 

Figure 5 shows the yield curve between 21.1 and 21.7 
Mev. The breaks in the yield curve are still clearly 
evident. The breaks shown here are about an order of 
magnitude stronger than those shown in Fig. 4. The 
region covered by this figure is on the rising portion of 
the giant resonance of the O'*(y,2)O"* cross section. 
Four breaks were also found between 22.3 and 23.2 
Mev. These energies are near the peak of the giant 
resonance. 

ANALYSIS OF DATA AND RESULTS 
(a) The Cross Section near 16 Mev 

An analysis of the yield curve was made in the vicinity 

of the 16.03-Mev break in an attempt to determine the 


shape of the cross section responsible for the break. 
The portion of the yield curve below 16 Mev was 
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Fic. 5. Yield curve from 21.1 Mev to 21.7 Mev. 
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Fic. 6. Cross section near the 16.03 Mev break. Curve A is the 
cross section obtained by using a thin-target spectrum. Curve B 
is the cross section after correcting for thick-target effects. 


extrapolated smoothly to higher energies and subtracted 
off the total yield. In this way, the yield due to the 
level near 16 Mev was obtained. A smooth curve was 
drawn through the result, and it was analyzed for the 
cross section by the photon difference method*" in 
10-kev steps. The analysis was based on the integrated- 
over-angle bremsstrahlung cross section derived by 
Schiff’ and curve A of Fig. 6 shows the result. 

The cross section rises rather sharply on the low- 
energy side, but falls off more slowly on the high-energy 
side. The high-energy tail actually extends for several 
hundred kilovolts. 

A correction was made for thick-target effects ac- 
cording to the method of Penfold and Leiss” and the 
result is shown as curve B in Fig. 6. This correction 
takes account of multiple scattering and energy loss 
of the electrons in the radiator, energy straggling 
associated with ionizing or radiative collisions in the 
radiator, and the intrinsic angular distribution of the 
bremsstrahlung. The corrected cross section is nearly 
symmetric in shape, and has a full width at half- 
maximum of about 18 kev. 

An attempt was made to see what features of the 
cross-section solution were essentially independent of 
the exact way in which the yield curve was drawn. To 
do this, a series of smooth curves were drawn through 
the measured yield curve values, and a cross-section 
analysis was made for each. All of the curves were kept 
within the bounds prescribed by statistical errors. It 
was found that the cross section could be made some- 
what asymmetric, but that the width was nearly inde- 
pendent of the yield curve variations. 


@ A. S. Penfold and J. E. Leiss (to be published) 
“ L. L. Schiff, Phys. Rev. 83, 252 (1951) 
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So far no account has been taken of the energy spread 
of the electrons striking the radiator, or of energy jitter 
in the betatron. No exact figures are known for these 
effects, but they are believed to average less than 10 
kev. This number is estimated from the length of the 
yield pulse (0.5 microsecond) and from the over-all 
stability of the betatron. If energy jitter is significant 
(and we combine both the above possibilities under this 
heading), then the actual width of the cross section 
shown in Fig. 6 is less than 18 kev. An investigation of 
the effects of jitter was made using Gaussian curves of 
various widths as jitter functions. It was concluded that 
energy jitter is not important if the full width at half- 
maximum of the jitter function is less than about 15 
kev 

The full width at half-maximum for the cross section 
was taken to be 18+5 kev. 

The ordinates of all the yield curves obtained in this 
experiment are in arbitrary units. To obtain the peak 
cross section value of 1.4 millibarns shown in Fig. 6, 
the relative yield curve values of Fig. 1 were normalized 
to published curves. The Saskatchewan group has 
published two yield curves with absolute ordinates'* 
and they do not agree with each other. The reason for 
this disagreement is not known."* The curve published 
by Montalbetti and Katz’? does not agree with Fig. 1 in 
shape, whereas the curve of Horsley et a/.' does. Further- 
more, this latter curve agrees in shape with the curves 
published by Katz et al." For these reasons, the curve 
given by Horsley' was used here. The absolute yield of 
the reaction at 20.33 Mev was taken to be 0.54X 10* 
neutrons per mole per roentgen. 

If the cross section is assumed to have the shape of a 
Breit-Wigner resonance, the following expression can 
be written for the area under the resonance: 


for E)dE = hl omaz. (1) 


In Eq. (1) the left-hand side represents the area under 
the resonance, I is the full width of the resonance at 
half-maximum, and omax is the peak value of the cross 
section. The values of [=18 kev and oma,=1.4 mb 
have been established for the resonance causing the 
16.03-Mev break. Inserting these into Eq. (1), we 
obtain /odE=0.040 Mev-mb. This figure is lower than, 
but not in essential disagreement with an estimate of 
0.06 Mev-mb made by Katz et al." 


(b) Level Widths 


The cross-section analysis just described gave the 
width of the resonance causing the 16.03-Mev break 
as 18 kev. Inspection of the breaks on all sections of the 
yield curve which were measured showed no apparent 
change in the general nature of the breaks, whether 
near threshold or on the giant resonance. Hence, one 
is tempted to state that they are all caused by levels of 


“ L. Katz (private communication, May, 1955) 
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the same width, and that the width is of the order of 
20 kev. Further support for this opinion was obtained 
from a series of yield curve calculations using thick 
target bremsstrahlung spectra and Breit-Wigner cross 
sections of various widths. It was concluded that levels 
as wide as 70 kev would not cause a sudden enough 
change in slope to be detected as a break, and that the 
observed breaks are so sudden that the level widths are 
less than 40 kev. For the purposes of further analysis, 
it was assumed that all the observed yield curve breaks 
are caused by levels of width 25 kev. 

It should be noted that these considerations on level 
widths imply that levels of width greater than about 
70 kev may lie beneath the levels observed in this 
experiment. 


(c) Integrated Cross Sections 


By using the information obtained on the level 
causing the 16.03-Mev break, and the considerations 
on level widths given above, it was possible to obtain 
values for the integrated cross sections of the levels 
causing the observed breaks. 

An estimate of the yield due to the level causing a 
given break is obtained by extrapolating the yield curve 
from energies below the break. Typical extrapolations 
are shown in all the detailed diagrams of the yield in 
this paper. The extrapolation was carried 93 kev past 
the energy of the break. 

If it is assumed that Y, represents all the yield from 
the level in question, then one can write: 

Bota Omax dE 
rx f N(ia+-A, B)-—-—__—__--—, . (2) 
Bs 1+[2(E—E,)/T} 


TaBLe I. Summary of properties for observed 
levels of O"*. 














Radiation widths 





Energy of PP han Imas* (ev) 

break (Mev) Mev-mb (mb) J =2* J=1~ 
15.85 0.0046 0.12 0.81 O41 
16.03 0.040 1.02 4.19 2.87 
16.47 0.027 0.69 1.63 1.75 
16.75 0.041 1.04 2.09 2.65 
16.95 0.084 2.14 4.05 5.50 
17.02 0.111 2.83 5.36 7.29 
17.13 0.262 6.67 12.2 17.2 
17.18 0.404 10.3 18.8 26.6 
17.55 0.202 5.14 9.04 13.5 
17.68 0.182 4.63 8.15 12.2 
17.84 0.254 6.47 11.37 17.2 
18.04 0.059 1.50 2.66 4.02 
18.70 0.094 2.39 447 6.76 
19.01 0.136 3.31 642 9.59 
19.18 0.396 10.1 19.2 29.5 
20.33 0.495 12.6 30.8 42.7 
20.58 0.603 15.4 39.1 54.3 
20.79 0.617 15.7 41.9 58.2 
20.93 0.857 21.8 58.8 &3.4 
21.21 1.36 34.6 98.5 142.9 
21.52 0.853 21.7 64.1 98.3 
22.37 2.21 56.3 322 
22.54 3.14 80.0 480 
22.76 3.47 BS 4 549 
23.02 3.06 77.9 1 








* omas was Calculated using T «25 kev for all levels. 
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where &, is the energy of the break, EZ is the photon 
energy, E; is the resonance energy, I’ is the width of the 
resonance, Omax' is the peak value of the cross section, 
and N(£,+A, E) is the bremsstrahlung spectrum. 
Calculations with test cross sections have shown that 
the observed position of the break comes about the 
width of the level below the resonance energy. Hence 


E;=E+T. (3) 


The bremsstrahlung spectrum which is used in Eq. 
(2) must be a thick target spectrum, since we are only 
interested in the first 93 kev from the high-energy tip. 
The spectrum can be well represented by the equation: 


&(E,+A-—E) 
[Ey+A(0.1(E,+4)+0.26) 


where @ is a function whose value depends only on the 
energy difference between E and the maximum energy, 
and the term [0.1(4,+A)+-0.26 ] takes into account the 
energy dependence of the monitor response. 

If the results of Eqs. (2), (3), and (4) are combined 
and a simple transformation of variables is made, the 
following equation results: 


N(E,+4, E)= (4) 


Fomex’ 
Y;« 
[E,+4][0.1(£,+4)+0.26] 
@a/l)-2 @(A—T—T'x/2) 
xf 
° 1+2? 

There are two conditions for which the integral in 
Eq. (5) has a constant or near constant value. These 
are if [ is constant, or if A is much greater than 
I’. For the present analysis the integral was assumed to 


be constant with value K. 
From Eq. (1), Tomax‘ is proportional to the integrated 
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Fic. 7. Integrated cross sections for levels between 
threshold and 18 Mev. 
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Fic. 8. Integrated cross sections of al! ievels 
found in this work. 


cross section for the level, and therefore 


J o(E)dE 


K —$—$<$—_____—__.. (6) 

[24+ [0.1(244+4)+0.26] 

The constant of proportionality, K,, was evaluated 
from the information obtained on the 16.03-Mev 
break. Then, using Eq. (6) the integrated cross sec- 
tions for all the observed levels were computed. The 
results are shown in Table I, and in Figs. 7 and 8. 

The shading in Figs. 7 and 8 indicates regions in 
which the yield was not measured carefully, or not 
measured at all. The integrated cross section values 
should be accurate to within about 25%. 

If 3 Mev-millibarns is allowed for the integrated 
cross section contained in the regions which were not 
covered at all (i.e., 19.2 to 20.3 Mev and 21.5 to 22.1 
Mev), then the total integrated cross section to 23.2 
Mev is found to be 22 Mev-millibarns. This value com- 
pares favorably with previously published figures of 31 
Mev-millibarns to 24 Mev,' 14 Mev-millibarns to 22 
Mev,? and 31 Mev-millibarns to 25 Mev.’ These values 
were obtained from a gross cross-section analysis, and 
must include the integrated cross section of the levels 
detected in this experiment, the integrated cross section 
of any levels that were missed, and the contribution 
from a possible continuum cross section. 

The figure of 23 Mev-millibarns given by the present 
experiment seems to account for the total integrated 
cross section. Hence one can conclude that the bulk of 
the (y,") reaction occurs in narrow levels. 


(d) Peak Heights of the Levels 


By using the integrated cross sections for the indi- 
vidual levels which have been derived, the value of 25 


r 
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kev assumed for the widths of all the levels, and Eq. 
(1), the peak heights of the levels may be computed. 
The results are given in Table I. 

If one assumes that protons as well as neutrons are 
emitted from the observed levels, it can be estimated 
(see the next section) that on the average 1.5 times as 
many protons as neutrons are emitted from the levels. 
Hence an estimate of the peak gamma-ray absorption 
cross section can be obtained by multiplying the peak 
cross sections obtained by 2.5. A figure of 180 millibarns 
is obtained for peak values on the giant resonance. 


(e) Radiation Widths 


The radiation width of a level is related to its inte- 
grated cross section by the formula: 


1.750, 
f- (E)dE= Gi (7) 
E2 


where E; is the energy of the level in Mev, I’, is the 
radiation width in ev, So is a statistical factor, and G, 
is the branching ratio for neutrons. It should be noted 
that Eq. (7) is independent of the level width I. 

The statistical factor, So, is equal to (2/+1 
2(21+-1), where J is the spin of the compound nucleus 
and J is the spin of the ground state of the target 
nucleus. Since the ground state of O"* has spin 0*, Sy 
is 3/2 for dipole transitions and 5/2 for quadrupole 
transitions. 

The branching ratio, G,, is equal to the partial width 
for neutron emission divided by the total width of the 
states, and the total width is the sum of the partial 
widths for decay by emission of neutrons, protons, 
alpha particles, and radiation. 

The partial width for radiative decay should be small 
compared to the partial width for particle emission, so 
it is neglected. Using the results of Spicer’® on the 
(y,p) reaction in O"*, and the results of Nabholz, Stoll, 
and Waffler'* on the (y,a) reaction, one concludes that 
alpha-particle emission may be neglected, since I’,/T, 
is about 0.1 over most of the region covered. The total 
level width was therefore taken to be the sum of the 
partial widths for neutron and proton emission. Thus: 


G,(E) =T,.(E)/(1.(E)+T, (Es) }. (8) 


In general there will be several ways in which the 
compound state can decay by neutron or proton 
emission. I’, and I’, will consist of a sum over the various 
open channels. The relative magnitudes of the terms 
in this sum are conditioned by many factors including 
the spin of the compound state, the angular momentum 
carried off by the particle, and the spin and parity of 
the residual state. 

By using Blatt and Weisskopf" as a reference, the 

% B. M. Spicer, Phys. Rev. 99, 33 (1955 

* Nabhoiz, Stoll, and Waffler, Phys. Rev. 86, 1043 (1952 

7 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1948), Chap. 8. 
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following formula was obtained : 

r.(E)= > 8(J,s,i) L 2 w;(T1;,1y)T 2 

| X (en)ya(JLSi), (9) 


where J is the spin of the compound O"* state, i is the 
spin of the residual state in O", S is the channel spin 
(with values of i+4), / is the angular momentum of 
the emitted particle, II designates the parity quantum 
number, and s is the spin of the neutron. 

A similar expression holds for T',(£;). 

$ isa statistical factor which has the value of (2/+1)/ 
(2s+-1)(2i+1), w:(T,,I,) is a function which guaran- 
tees parity conservation since it has nonzero value only 
if My=(—1)'ly, Taile,) is the barrier penetration 
factor for neutrons of energy ¢, and angular momentum 
l, and y,(JISi) is the reduced width for decay into the 
channel specified by the quantum numbers J, /, S, i. 

Nothing is known about the reduced widths y,— 
either of their energy dependence or their dependence 
on the specified quantum numbers. They describe the 
frequency with which a proton or neutron appears at 
the nuclear surface with the right angular momentum, 
spin direction, and energy while the remainder of the 
nucleus is in the proper configuration to form the 
residual state. Their calculation requires the adoption 
of a nuclear model. 

For the present analysis the ad hoc assumption was 
made that all the y are equal in value for a given energy 
of the compound nucleus. Then they cancel out of 
Eq. (8). 

The barrier penetration factors for neutrons were 
obtained from Blatt and Weisskopf'* and for protons 
from Feshback, Shapiro, and Weisskopf.” In making 
the calculations the nuclear radius was taken to be 
1.50 10-"A!, and the inside wave number was taken 
to be 108 cm—. 

The spins and parities of the residual states in O"* 
and N*® were obtained from the review article of 
Ajzenberg and Lauritsen.’ In some cases two alternate 
values were given for the spins. Then G, was computed 
for both of them and an average value was taken (in 
most cases the difference was less than 10%). 

Values of G, were computed for the two cases J=1- 
and J =2*, corresponding to electric dipole and electric 
quadrupole transitions. I',/T’, was found to be roughly 
1.5 over most of the energy region covered for both 
choices of J. It is presumably also true for J=1* which 
corresponds to magnetic dipole transitions. 

Using Eq. (7), the calculated values of G,, and the 
values for the integrated cross sections which have been 
obtained, radiation widths were calculated for assumed 
J- values of 1~ and 2+. The results are given in Table I. 

The calculated values are not greatly dependent on 


'* Reference 17, p. 361. 
" Feshbach, Shapiro, and Weisskopf, Nuclear Development 
Associates Report NYO 3077, 1953 (unpublished). 
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the assumed value for J. The difference for the two 
J-values is often less than 25%. 

There is a wide variation in the calculated widths. 
They rise from a few electron volts near threshold to 
about 500 electron volts at 23 Mev. 

In order to try to identify the type of transitions one 
would like to compare the calculated widths to experi- 
mental measurements for E1, M1, and £2 transitions. 
This was possible for the former two types, but not for 
the latter. There is little experimental information on 
E2 widths so the present results were compared to a 
theoretical E2 curve. 

A survey of experimental £1 and M1 radiation widths 
has been given by Wilkinson” for light nuclei, and by 
Kinsey and Bartholemew™ for medium weight nuclei. 
The conclusions from the two surveys are in fairly good 
agreement. Wilkinson gives the following formulas: 


I’, (E1) =[0.022/(2J+1) Atk, (10) 
T',(M1)=0.003E¢. (11) 


Kinsey and Bartholomew™ conclude that observed 
E2 radiation widths fluctuate considerably, and may 
be much higher or much lower than the theoretical 
estimates of Weisskopf.” Since there are no firm experi- 
mental conclusions for E2 transitions, the present 
results were compared to the theoretical estimates of 
Weisskopf. The formula for O"* is: 


I’, (£2) =6.3X 10-*E§ (ev). (12) 
The comparison of the calculated widths with the 
predictions of formulas (10) and (12) is made in Table 
Il. 

On the basis of this comparison, one concludes that 
the levels between threshold (15.6 Mev) and 19 Mev 
have radiation widths which are far too small for them 
to be electric dipole. These levels must then be reached 
by either magnetic dipole or electric quadrupole transi- 
tions. Since a magnetic dipole transition requires an 
angular momentum change of +1 or 0 and no parity 
change the shell model predicts no M1 transitions for 
O**. This is because the 1p shell fills at O"*. On this 
basis one might guess that the levels between threshold 
and 19 Mev are reached by £2 transitions. This has 
been confirmed by Spicer'* in a study of the angular 
distribution of protons in the (y,p) reaction at and near 
the (y,n) threshold. 

The group of levels between 22 and 23 Mev have 
radiation widths which are almost as large as those 
predicted by Wilkinson’s equation.” These levels are 
likely reached by £1 transitions. It should be noted, 
however, that Wilkinson’s equation is based on observed 
E1 transitions at about 13 Mev and less and there is 
some question about extrapolating it to energies as 
high as 23 Mev. This doubt is increased when one 





® D. H. Wilkinson, Phil. Mag. 44, 450, 1019 (1953). 

= B. B. Kinsey and G. A. Bartholomew, Phys. Rev. 93, 1260 
(1954). 

"VV. F. Weisskopf, Phys. Rev. 83, 1073 (1951). 
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Taste II. Radiation widths. 








Radiation widths 
£2 absorption E1 absorption 
Break energy hanes J=2* Joi 
(Mev-mb) Observed Weisskopf Observed Wilkinson 





(Mev) 

15.85 0.0046 O81 6.3 O41 186 
16.03 0.040 4.19 6.7 2.87 193 
16.47 0.027 1.63 7.6 1.7! 208 
16.75 0.041 2.09 8.3 2.65 219 
16.95 0.084 4.05 8.7 5.50 227 
17.02 O.111 5.36 8.9 7.29 230 
17.13 0.262 12.2 92 17.2 234 
17.18 0.404 18.8 9.3 26.6 236 
17.55 0.202 9.4 10.2 13.5 252 
17.68 0.182 8.15 10.7 12.2 257 
17.84 0.254 11.4 11.1 17.2 265 
18.04 0.059 2.66 11.8 4.02 274 
18.70 0.094 447 14.1 6.76 305 
19.01 0.130 6.42 15.5 9.59 320 
19.18 0.396 19.2 16.2 29.5 329 
20.33 0.495 30.8 21.6 42.7 392 
20.58 0.603 39.1 23.0 54.3 406 
20.79 0.617 419 24.1 58.2 419 
20.93 0.857 58.8 25.0 83.4 427 
21.21 1.36 98.5 26.9 142.9 444 
21.52 0.853 64.1 29.0 98.3 464 
22.37 2.21 36.0 322.1 521 
22.54 3.14 37.0 479.6 533 
22.76 3.47 38.6 549.1 549 
23.02 3.06 41.0 501.4 568 


considers that the equation predicts a monotonic in- 
crease in the widths as the energy is raised, while 
photonuclear cross sections exhibit a giant resonance 
which is believed to be dipole in character. One might 
argue that the giant resonance is caused by a sharp 
increase in the density of 1~ states and not by a “‘reso- 
nance” in the strength of the radiative widths. This 
argument is contrary to all theoretical predictions on 
level densities and is contrary to the approximately 
constant density observed in the present experiment 
as well, In any case, the levels between 22 and 23 Mev 
come up to Wilkinson’s estimate, and they lie on the 
peak of the giant resonance. 

The levels between 20 and 21.5 Mev have radiation 
widths 2 to 4 times larger than the £2 prediction and 
1/5 to 1/10 of the E1 prediction. It is completely un- 
certain which class they should be placed in. The 
surveys of E1 widths” show variations of about a 
factor of 6 from Eq. (10) so that they may be £1. 
There is an E1 transition in O"* at 13.09 Mev and its 
radiative width is 150 ev. This is about 70% of the 
value predicted by Eq. (10). 


(f) Cross Section at 17.63 Mev 


Measurements of the O'*(y,n)O" cross section at an 
energy of 17.63 Mev have been made with gamma rays 
from the Li’(p,y)Be*® reaction. Waffler and Younis* 
obtained a value of 0.54+0.14 millibarn, and Walker 
et al™ obtained a value of 1.3+0.3 millibarns. The 


* H. Waffler and S. Younis, Helv. Phys. Acta 22, 614 (1949), 
* Walker, McDaniel, and Stearns, Phys. Rev. 80, 807 (1950). 
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latter authors did their measurement using a thick 
lithium target whereas the former do not state their 
target thickness. 

Using the results of the present experiment, a value 
for the cross section at 17.63 Mev was obtained. This 
value would correspond to an experimental measure- 
ment made with a thin Li target. The energy 17.63 
Mev falls between two resonance levels, and so the 
cross section at that energy is obtained by summing 
the contributions from the tails of the neighboring 
levels. Since there is doubt as to the proper value to 
use for the level widths, computations were done for 
widths of 20 and 30 kev. The results were 0.29 mb for 
I’ = 20 kev, and 0.42 mb for [= 30 kev. These are lower 
than the experimental results, but not in essential 
disagreement, especially when one considers that the 
use of a thick lithium target would tend to increase the 

the 17.68-Mev level would 
has been 


since 
than 


measured values, 
contribute more 
calculation 

This agreement gives additional evidence for the 
conclusion that absorption of gamma-rays by the O'* 
nucleus takes place chiefly into narrow levels since all 
of the cross section at 17.63 Mev can be accounted for 
by the contributions from the tails of the levels near 
this energy. 


allowed for in the 


SUMMARY 


A careful survey of the O'*(y,n)O"* yield curve has 
been made over a large portion of the energy region 
between 15.6 Mev and 23.2 Mev. Fine structure, in 
the form of sudden changes in slope, was observed. The 
existence of these breaks has been reported by Katz 
et al.” and the present experiment is the first inde- 
pendent confirmation. 

Points on the yield curve were obtained every 10 to 
15 kev over most of the region covered whereas the 
Saskatchewan group measured every 30 to 60 kev. As 
a result of the more detailed nature of the present work 
many more breaks were resolved. This is particularly 
true of the 20- to 23-Mev region, where scallop-like 
breaks were observed while Katz ef al." observed two 
breaks with straight line segments in between. 

An average frequency of 5 breaks per Mev, was 
observed over all of the energy region covered. 

The breaks were interpreted as manifestations of 
narrow resonances in the (y,n) cross section. This 
interpretation was substantiated by the concave-down 
nature of the yield curve between breaks, and by a 
detailed cross section analysis of one of the breaks. 

The radiative widths which were obtained indicate 
that up to 19 Mev, the levels are reached by £2 transi- 
tions, where as between 22 and 23 Mev the transitions 
are most likely £1. It was impossible to decide the 
nature of a group of levels between 20 and 21 Mev, 
since the observed radiative widths were intermediate 
between the predictions for £1 and E2 absorption. 


PENFOLD AND B. M. 


SPICER 


The ability to resolve breaks (considering only 
statistical fluctuations in the activity measurements) 
was investigated by a Monte Carlo method. It is felt 
that, by following the procedure described, breaks 50 
or 60 kev apart can be resolved, providing that the 
second one is at least as strong as the first. 

It is difficult to quote a figure for the probable error 
to be assigned to the calculated integrated cross sections, 
peak heights, and radiative widths. The figures given 
below are estimates. 

Integrated cross sections.—The relative values are 
good to +15% and the chief source of error is the 
counting statistics, and the making of the necessary 
extrapolation. The absolute values are good to +25%. 

Peak heights.—These are good to +50%. The increase 
in the quoted error over that for the integrated cross 
sections is due to the uncertainty in the level widths. 

Rddiative widths —-The chief sources of error are the 
counting statistics and the assumptions which were 
made in computing the branching ratio for neutrons. 
The radiative widths are estimated to be accurate to 
+35%. 

Energy of the levels.—It is estimated that the relative 
positions of the breaks are good to +15 kev, and so 
the break energies were quoted to the nearest 10 kev. 
It was pointed out that the level should be located 
above the break position by the width of the level. 
Since the level widths are not known exactly, this adds 
an additional 10 to 15 kev to the uncertainty. On top 
of this one must consider the uncertainty in the absolute 
energy calibration of the betatron. The possible error 
in the absolute calibration is taken to be +30 kev up 
to 18 Mev with a gradual increase to + 300 kev at 23 
Mev. These comments on the calibration assume that 
the observed oxygen and carbon thresholds correspond 
to thresholds which would be computed from mass 
measurements. Hence, though the relative positions 
are rather well determined, the absolute positions are 
poorly determined. 

The cross section at 17.63 Mev was computed, as- 
suming that all of the cross section was contributed 
from the tails of the neighbouring levels. Agreement 
was found with a measurement by Waffler and Younis” 
using the Li y-rays. This agreement, and the fact that 
the sum of the integrated cross sections of the levels 
can account for all of the integrated cross section (as 
determined by gross analyses of the yield curve) indi- 
cates that at least the bulk of the photon absoprtion 
takes place into narrow levels. 
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Inelastic Proton Scattering from Vanadium* 
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The low-lying excited states of V" have been investigated by means of inelastic proton scattering. Protons 
were accelerated to 6.0, 7.0, and 7.4 Mev in the MIT-ONR electrostatic generator, and the scattered protons 
were analyzed with a broad-range magnetic spectrograph, observations being made at 90 and 130 degrees 
to the incident beam. Proton groups were found which corresponded with levels in V"™ at 0.32220.002, 
0.931+0.003, 1.614+0.005, and 1.819+0.05 Mev. A large number of lower energy groups were observed, 
which are associated with excited states between 1.85 and 4.50 Mev. Two groups of alpha particles were also 
observed and assigned to the ground state and first excited state formed in the V"(p,a)Ti* reaction (Q= 1.161 


and 0.167 Mev). 





I. INTRODUCTION 


NFORMATION about the excited states of V™ has 

been obtained previously from the beta decay of 
Ti* and Cr* and from inelastic scattering by V"™. The 
data on the beta-decay energy of Ti are in poor 
agreement, but all observers agree on the existence of a 
0.323-Mev gamma ray.’ In addition, Bunker and 
Starner? and Jordan ef al.’ have observed 0.928- and 
0.605-Mev gamma rays, the latter in coincidence with 
the 0.323-Mev radiation, while Nussbaum‘ reports a 
0.935-Mev gamma ray. The 0.323-Mev gamma ray is 
also found from the electron capture'? of Cr®!, and some 
authors®* have reported one of lower energy, which 
they ascribed to a level in V™ at 0.237 or 0.267 Mev. 

From inelastic proton scattering, Hausman ef al.’ 
reported levels in V™ at 0.32, 0.48, 1.16, and 1.84 Mev, 
and at higher energies. This work was carried out with 
8-Mev protons, and, except for the first state, these 
results do not agree with the beta-decay data. The 
0.323-Mev level has been observed in experiments on 
Coulomb excitation by alpha particles.* In addition, in 
this work a 0.880-Mev gamma ray was tentatively 
ascribed to a level in vanadium. Also, gamma rays with 
energies of 0.33, 0.97, and 1.67 Mev have been reported 
to result from the bombardment of vanadium with 
3.2-Mev neutrons.® 

The spin of 23V2s°' has been measured"; it is 7/2, in 
~ * This work has been supported in part by the joint program 
of the Office of Naval Research and the U. S. Atomic Energy 
Commission. 

¢ Present address 
lands 
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(1953). 

*M. E. Bunker and J. W. Starner, Phys. Rev. 97, 1272 (1955). 

+ Jordan, Burson, and LeBlanc, Phys. Rev. 96, 1582 (1954) 
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also, however, W. S. Lyon, Phys. Rev. 87, 1126 (1952). 
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” N. F. Ramsey, Experimental Nuclear Physics (John Wiley 
and Sons, Inc., New York, 1953), Vol. 1 
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accordance with the shell model which predicts that it 
has filled neutron shells and 3 protons in the fy, shell." 
The energies of the states of the (/72)* configuration 
have been calculated theoretically," and it is pre- 
dicted that, with a 7/2- ground state, the first two 
excited states should be 5/2> and 3/2-. Furthermore, 
the first single-particle level should be pays, fay2, and 
Pi. The best cases in which to look for the (/12)* or 
(f/ry2)* multiplet are Ca® or Ca, with 20 protons in 
closed shells and 3 or 5 f7/2 neutrons, and V™ or Mn®, 
with 3 or 5 f1/2 protons and 28 neutrons in closed shells. 
We are presently engaged in a study of the Ca®(d,p)\Ca® 
and Ca“(d,p)Ca® reactions'® and have found it in- 
teresting to compare the V" spectrum with the spectra 
of Ca* and Ca**. Moreover, it was pointed out'® to us 
that the existing experimental data did not agree with 
theory. If the lowest levels reported by Hausman et al. 
were to be interpreted as members of the (/7/2)* multi- 
plet, it would be surprising not to see the 0.48-Mev 
level appear in the decay of Ti, which, according to 
the shell model, should have a 3/2> ground state. For 
these reasons, we have investigated the V"(p,p’)V"™* 
reaction with the MIT-ONR electrostatic generator 
and the broad-range magnetic spectrograph. 


Il. EXPERIMENTAL METHOD 


A thin target of vanadium evaporated onto a formvar 
film was used for this work. It was prepared by 
Schwager and Cox!’ and had been used in an investi- 
gation of the V"(d,p)V® reaction."* This target was 
bombarded with protons from the ONR electrostatic 
accelerator,” and the protons emitted were analyzed 


4“ P. F. A. Klinkenberg, Revs. Modern Phys. 24, 63 (1952). 

#1). Talmi, Helv. Phys. Acta 25, 185 (1952). 

% A. R. Edmonds and B. H. Flowers, Proc. Roy. Soc, (London) 
A215, 120 (1952). 

“T). Kurath, Phys. Rev. 91, 1430 (1953). 

*C. M. Braams, Phys. Rev. 95, 650 (1954) 

‘© R. Van Lieshout and R. H. Nussbaum (private communi 
cation). 

7 J. E. Schwager and L. A. Cox, Rev. Sci. Instr. 24, 986 (1953) 

* J. E. Schwager and L. A. Cox, Phys. Rev. 92, 102 (1953) 

” Buechner, Sperduto, Browne, and Bockelman, Phys. Rev. 91, 
1502 (1953). 
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Fic. 1. Proton groups from 
in momentum with a broad-range 
graph.” 

A feature of this spectrograph is that a considerable 
of entire simul- 
taneously. The data in Fig. 1, for example, were re- 
corded with a single exposure of 1000 microcoulombs. 


magnetic spectro 


1") 


the recorded 


portion spectrum 1s 


In this case, the bombarding energy was 6.005 Mev, and 
the angle of observation was 90 degrees. In addition to 
proton groups elastically scattered from the various 
nuclei in the target, several groups are evident which 
4 sensitive method for 
the 
making observations at 


are due to inelastic collisions 


determining the mass of the nuclei from which 
groups originate consists in 
other angles and bombarding energies. In the present 
case, such additional exposures were made at 90 degrees 
with bombarding energies of 7.040 and 7.420 and at 130 
7.420 Mev. The data the 
exposure are shown in Fig. 2. These various exposures 


were made over a considerable time interval, and during 


degrees with from latter 


the period when the exposure for Fig. 1 was made 


edges gave rise to the low- 


energy background visible in this figure. This situation 


scattering from various slit 


vanadium target. Incident proton energy =6 Mev, 6=90 


was considerably improved by the time of the exposure 
of Fig. 2, and additional changes have still further 
reduced this background, as is evident in Fig. 3, which 
was recently made to investigate the lower energy 
groups from the reaction. 


Ill. RESULTS 


From the results of calculations based on the ob- 
served energies of the groups at the various bombarding 
energies and observation angles, the assignments indi- 
cated on Figs. 1 and 2 have been made. In addition to 
those arising from various contaminants, five groups 
which originate from the vanadium are evident, the 
highest energy, most intense group corresponding to 
the ground state and the four (Nos. 1 through 4) of 
lower energy corresponding to excited states in V*. 
The excitation energies calculated from these groups 
are 0.322+0.002, 0.931+0.003, 1.614+0.005, and 
1.819+0.005 Mev. These values are the averages of 
those obtained from the 90-degree observations at 6- 
and 7.4-Mev incident energy and from the 130-degree 
data taken with 7.4-Mev protons. In each case, the 
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Fic. 3. Low-energy proton groups from vanadium target. Incident proton energy = 7.0 Mev, @= 90°. 


individual results agreed with the average values 
within one kilovolt. In the calculation of the excitation 
energies, since the results depend on the energy dif- 
ferences between groups recorded on the same plate, 
systematic error tend to cancel out, and the results are 
essentially unaffected by the uncertainties in the inci- 
dent proton energy. The first two of these states have 
energies which are in good agreement with those 
inferred from recent gamma-ray measurements,** and 
the first three agree within the errors with the gamma- 


ray energies found from neutron inelastic scattering.® 
In each figure, a curve is drawn which gives the 
excitation energy in V"™ as a function of peak location. 


It can be seen that in Fig. 1, the region between 0.5 and 
0.9 Mev in V*™ is to a large extent obscured by the 
intense groups from carbon, nitrogen, and oxygen, but 
that the region between the second and third levels in 
vanadium is relatively free of background. The settings 
for the exposure of Fig. 2 were such that the intense 
contaminant groups came between the second and third 
vanadium groups, so that the region between the first 
and second groups (0.3- to 0.9-Mev excitation in V™) 
was quite free of background in this case. 

In this way, we have made a study of those regions 
where other excited states of V" have been reported. 
There is no evidence in this work for levels below 0.32 
Mev. Except for the level at 0.32 Mev, the present 
results disagree with those previously obtained’ from 
inelastic proton scattering from vanadium. While the 
reported level at 1.84 Mev probably corresponds with 
that measured here as 1.81 Mev, the 0.93- and 1.61- 
Mev states found in the present work were not reported 
in the earlier investigation, and we find no evidence for 
states at 0.48 and 1.16 Mev 

Also visible in Fig. 2 are a considerable number of 
lower energy proton groups. In order to investigate this 
region, the exposure of Fig. 3 was made. In this case, 
the spectrograph field was such that the groups as- 
sociated with the 1.6- and 1.8-Mev levels in V™ ap- 
peared at the high-energy end of the plate. Because of 
the reduction in the background between the times of 


the exposures for Figs. 2 and 3, the latter shows a 
number of additional groups in the region of excitation 
common to the two. Except for the group indicated as 
arising from an excited state in sulfur (Q= — 2.23 Mev), 
all the low-energy groups in Fig. 2 can be identified with 
various intense groups in Fig. 3, and their energies 
depend on angle of observation and incident energy in 
the manner expected for groups from vanadium. From 
the preliminary results of concurrent work on inelastic 
scattering from the various contaminant nuclei, it can 
be said that all the groups in Fig. 3 with a peak height 
greater than 25 protons per strip are associated with 
vanadium. However, some of the weaker groups arise 
from these contaminants, and it is worth emphasizing 
the importance of target cleanliness in work of this sort. 
Even for nuclei as heavy as iron, the inelastic groups 
have intensities that are a fair fraction of the elastically 
scattered group. 

A group attributed to Fe*(p,p’)Fe* (0.845-Mev 
level) has been observed at these energies and angles 
from other targets with an intensity of about 25% of 
the ground-state group. In the figures shown, this group 
would be obscured by the carbon elastic group in Fig. 1 
and is coincident with the O"* elastic group in Fig. 2. 
Except for the carbon, oxygen, and sulfur, which occur 
in the Formvar, and for the iron which is a contaminant 
of the vanadium used, the other nuclei indicated in 
Fig. 2 appeared on the target as a result of the method 
of preparation. These other contaminants can be elimi- 
nated by the preparation of the targets in a dust-free 
atmosphere and the use of distilled water and carefully 
purified reagents. 

It is clear that, in the region of excitation above 2.4 
Mev, the levels of V™ are of considerable complexity. 
Many of the groups in Fig. 3 consist of more than one 
component, the resolution in the present work being 
limited by the target thickness. This region could be 
studied in more detail using thinner targets and lower 
field strengths. However, at the present time, such a 
detailed study does not appear worth while. 

Although the settings for the various exposures were 
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determined by the proton spectra under investigation, 
on three of the plates an alpha-particle group was 
observed which, from its shift in energy, has been 
assigned to the V"(p,a)Ti® reaction. The Q-value for 
this group is 0.167+0.010 Mev. On one of the exposures, 
a higher energy alpha group was also observed. This 
group was not recorded at the other energies and angles, 
as was to be expected if it also is from the V(p,a) 
reaction. On this assumption, its Q-value is 1.161+0.010 
Mev. While the masses in this region are not known toa 
sufficient accuracy to determine whether this is the 
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ground-state group, it seems probable that this is the 
case and that the other group is from the first excited 
state of Ti**. The energy of this state, as determined 
from measurements on the decays of Sc and V%, is 
0.990 Mev' in good agreement with the value obtained 
by taking the difference between the Q-values. 

It is a pleasure to acknowledge our continued in- 
debtedness to Mr. Wilton A. Tripp for the measure- 
ments on the nuclear track plates and to our colleagues 
for much helpful assistance. 
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II. DECAY OF Yb!'’§ 
(a) Source Preparation 


Yb'’* was prepared by thermal neutron bombardment 
of Yb,O, ° of natural isotopic abundance. Fractions of 
Yb'® (32-day) and Yb'” (1.8-hr) were also activated 
in the irradiation. All studies reported herein were 
performed after the Yb'”’ had essentially decayed to 
Lu’? (6.8-day). The quantity of Lu'” thus activated 
was found to be innocuous as far as the study of the 
Yb de ay 
accompanying the decay of the orbital electron capture 
isotope Yb'®, however, had to be carefully taken into 
account throughout the Yb'’® experiments. Fortunately 
the relatively long half-life of Yb'® as compared to that 


he 


was concerned. The gamma activity 


of Yb'’® enabled an unambiguous separation of 
emanations of the two isotopes to be realized. 


b) Gamma-Ray Experiments 


rhe results of a study of the gamma-ray spectrum 
engendered by the radioactivity produced through 
thermal neutron bombardment of Yb,O; is shown in 
Fig. 1. The spectrum was obtained with a 1}X1} inch 
Nal(Tl) crystal mounted on a Du Mont 6292 photo- 


multiplier tube. A ten-channel analyzer was used for 
Waard, Phil. Mag. 46, 445 (1955); Akerlind, Hartmann, and 
Wiedling, Phil. Mag. 46, 448 (1955 

*The Yb.0; of specified purity 99.95% was obtained from 
Johnson, Matthey and Company, Limited, Hatton Garden, 


London. 
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TABLE I. Gamma transitions of Yb'". 





Relative 
transition 
intensities 


22+3 
10+2 10+2 
2343 2343 
<1 <1 
<2 

<1 


Relative 
gamma 
intensities 


Gamma 
energy 
(kev 


113.6 
282.4 
396.0 
137.6 
144 
251 





7+1 
0.038-+0.01 
0.050-+0.005 


® Multipolarity assignment deduced from decay scheme of Fig. $(a). 


the recording of data. The decay of the gamma spectrum 
of Fig. 1 was followed for 40 days, and it was established 
that the 114-, 282-, and 396-kev gammas decay with a 
half-life of ~4.2 days, characteristic of Yb‘. The 
photon peak (A) of Fig. 1 was attributed to 178- and 
198-kev gamma rays of Yb'®.‘ The relative intensities 
of the 114-, 282-, and 396-kev gammas were measured 
with a 2X2 inch Nal(TI) crystal whose detection 
sensitivity (photopeak area vs energy) is empirically 
known. The gamma intensity data are summarized in 
Table I. 

On the basis of the above energy values, it appeared 
likely that the 114- and 282-kev gamma rays are in 
coincidence and that the 396-kev gamma is a crossover 
transition. Therefore, a gamma-gamma coincidence 
experiment was performed in which the 282-kev 
photopeak was used as the “gate” and a one-hundred 
channel pulse-height analyzer’ was used to record the 
coincidence spectrum. The resolving time of the 
coincidence apparatus was 2r=0.4 microsecond. A 


69 4 


strong photopeak was observed at 114-kev, only a 
few percent of which resulted from chance coincidences, 
and thus the 114-kev to 282-kev coincidence was 
verified. 

In order to position a 137.6-kev transition of Yb'’® 
which was observed with a 180° magnet spectrograph 
and which is discussed in Sec. IIc, a series of gamma- 
gamma coincidence experiments was performed. To 


PULSE HE Gut - VOLTS 
1G. 1. Gamma-ray spectrum of Yb'"* obtained with a 14 inch 
X14 inch Nal(TI) crystal. The high-energy region is shown on 
an enlarged scale (X10 
7 P. W. Byington and C. W. Johnstone, A One-Hundred Channel 
Pulse Height Analyser Using Magnetic Core Storage (to be pub- 
lished in the L. R.E. Convention Record, 1955). 


Multipolarity 


E2/M1=0.30+0.06 
M2/E1=0.027+0.016 
M2/E1 =0.20+0.03 
(M1+£2)* 
(E1) 





> S 
5840.5 


avoid coincidences resulting from Compton scattered 
quanta, a } inch thick piece of lead was placed between 
the two NaI (TI) crystals of the coincidence scintillation 
spectrometer. The axes of the crystals were oriented at 
20 degrees with respect to each other. With the “gate” 
channel set to cover the 90- to 170-kev region, the 
one-hundred channel analyzer recorded the presence 
of two photopeaks in the coincidence spectrum at 
114 and 140 kev as shown in Fig. 2. When the “gate” 
channel was set to cover the 140-kev region, a 140-kev 
photopeak was observed in the coincidence spectrum 
which indicated that the 140-kev photopeak is en- 
gendered by a multiplet of coincident gamma rays. 
Furthermore, a 251-kev gamma ray was observed to 
be in coincidence with a gamma in the 140-kev region. 
A coincidence experiment in which the 220- to 280-kev 
region was utilized as a “gate” demonstrated that a 
144-kev transition is in coincidence with the 251-kev 
transition (Fig. 3). The occurrence of the 114-kev 
photopeak in Fig. 3 is attributable to the unavoidable 
inclusion in the “gate” of a portion of the 282-kev 
gamma spectrum. 

From the foregoing coincidence experiments, it was 
concluded that a 144-, 137.6-, 114-kev triple gamma 
cascade exists in the Yb'”* decay with a 251-kev gamma 
being in coincidence with the 144-kev gamma and 
serving as a crossover transition of the 137.6-kev to 114- 
kev cascade. Although further coincidence experiments 
were performed, no additional coincident gamma 
transitions were found to accompany the Yb'’® decay. 


‘ 


° 60 vo 


20 28 4 «+80 «60 ~*~ 
PULSE HEIGHTS - VOLTS 


Fic. 2. Gamma-ray coincidence spectrum obtained with the 
“gate” channel set to accept pulses in the energy range 90 to 
170 kev. 
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Fic. 3. Gamma ray coincidence spectrum obtained with the 


“gate” channel set to accept pulses in the energy range 220 to 
280 kev 


The results of the coincidence experiments are embodied 
in the decay scheme of Fig. 5(a). 

Throughout the coincidence experiments, the gamma 
rays accompanying Yb'® decay had to be carefully 
distinguished from those belonging to Yb'”. To 
accomplish this separation, all coincidence experiments 
had to be performed twice, once with a fresh source 
having a large Yb'"*/Yb'™ activity ratio and again 
with a source having a large Yb'®/Yb'”® ratio. Because 
of the relative half-lives of Yb'™® and Yb'™, these two 
types of sources were readily available. Thus, by 
comparing the duplicate coincidence measurements, a 
normalization could be made at positions in the gamma 
spectra which were engendered only by Yb'® quanta. 
A subtraction of the Yb'® contributions to the Yb!”* 
coincidence spectrum in question could then be made. 
The measurements were greatly facilitated by the use 
of the one-hundred channel pulse-height analyzer. 


(c) Internal Conversion Electron Measurements 


Conversion electron studies were performed with 77 
gauss and 141 gauss, 180° permanent magnet spectro- 
graphs of high resolution (0.2%). The magnets have 
pole gap dimensions of 14 in. X20 in. X2 in. into which 
spectrograph cameras are inserted. The spectrographs 
are designed so that they can be loaded with film in the 
daylight without the removal of the 
cameras from the magnets. Spectra are recorded on 


necessitating 
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Fic. 4. Fermi-Kurie plot for Yb' obtained from coincidence 


measurements with the scintillation apparatus. 
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No-Screen X-Ray film. The positions of the lines on 
the photographic films are measured with a viewer 
equipped with a vernier caliper. Intensity ratios of 
L-subshell conversion electrons are inferred from film 
densitometer measurements with a Leeds and Northrup 
recording microphotometer. The spectrographs have 
been calibrated with conversion lines of previously 
measured gamma transitions from the radioactive 
decay of Au’®*,§ Ta!®? Ir'® § and Am™!. 

A series of spectrograms was taken with each source 
and the relative decay rates of the conversion lines were 
used to determine whether they originated from Yb!” 
or Yb’. The results of the study showed that (113.6 
+0.2)-, (137.640.2)-, (282.4+0.2)-, and (396.0+0.2)- 
kev transitions accompany the decay of Yb'”*. Part of 
the 113.6-kev K-conversion line is attributable to the 
K-conversion line of a 109.7-kev transition from Yb'®. 
The L-electron spectrum of the 113.6-kev transition 
consists of Ly, Ly, Li lines with intensity ratios of 
3, ~1, ~1, respectively. 

The relative intensities of the K- and L-conversion 
lines of the 396.0- and 282.4-kev transitions were 
measured with a magnetic lens beta-ray spectrometer 
whose resolution was set for 2.2%. Since the L-con- 
version electrons from the 282.6-kev transition were 
not observed, only a lower limit could be set for that 
particular K/L ratio. The conversion electron data 
are summarized in Table I. 


(d) Beta-Ray Experiments 


The beta spectrum of Yb'"® was examined with the 
magnetic lens spectrometer. A Fermi-Kurie plot 
constructed from the data yielded a beta end-point 
energy of 468+5 kev. No additional beta groups were 
resolved in the analysis. 

The beta spectrum of Yb'’® was further studied by 
means of beta-gamma coincidence experiments in which 
scintillation spectrometers were employed. The beta 
particles were detected with a bare Pilot, Plastic 
Scintillator-B" whereas the gamma rays were detected 
with a NaI(T]) crystal. From these experiments it was 
found that a beta group of end-point energy 350+: 10 
kev is in coincidence with the 113.6-kev transition, and 
a beta group of end-point energy 70+10 kev is in 
coincidence with the 396.0- and 282.4-kev transitions. 
Fermi-Kurie plots of these data are shown in Fig. 4. 
The end-point regions of these spectra have been 
corrected for resolution according to the method of 
Palmer and Laslett.” 

From the foregoing data it was concluded that the 
(468+5)-kev beta group is a ground-state transition 
to Lu'’*. Therefore, by employing the results of the 

* Muller, Hoyt, Klein, and DuMond, Phys. Rev. 88, 775 (1952). 

* Murray, Boehm, Marmier, and DuMond, Phys. Rev. 97, 
1007 (1955) 

”P. P. Day, Phys. Rev. 97, 68° (1955 

" Pilot Chemicals, Inc., 47 Felton Street, 
Massachusetts. 


"J. P. Palmer and L. J. Laslett, Atomic Energy Commission 
Report AECU-1220, March 14, 1951 (unpublished). 
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beta-gamma coincidence data and the known energy 
values of the gamma transitions involved, it is possible 
to infer that a beta group of end-point energy 355+5 
kev populates the 113.6-kev level, and a beta group of 
end-point energy 72+5 kev populates the 396.0-kev 
level. By performing additional beta-gamma coincidence 
experiments, it was concluded that <0.5% of the beta 
decay takes place to the 251.2-kev level. 

A standard beta-gamma coincidence technique was 
utilized to determine the relative amount of beta 
branching to the 113.6-kev level and to the ground 
state. The beta-branching ratio to the 396.0-kev level 
was determined relative to that to the 113.6-kev level 
by utilizing the decay fractions given in Table I. The 
beta-decay data in Table II and 
embodied in the decay scheme of Fig. 5(a). 


are summarized 


e) The Internal Conversion Coefficients 


The K-conversion of the 396.0-kev 
transition was measured by a comparison method. 
Sources of Yb'® and Au'*® of comparable surface 
densities (~1 mg/cm*) were mounted on Scotch tape, 
and the relative intensities of the 396.0-kev (Yb'"*) and 
411.8-kev (Au™*) gamma rays were determined with 
the 2 inchX2 inch NalI(Tl) crystal. The relative 
intensities of the K-conversion lines of these two gamma 
rays were then examined in the magnetic lens spec- 
trometer. From these comparison measurements and 
the theoretical A-conversion coefficient, ax =0.0318, 
of the 411.8-kev transition, one can calculate the 
K-conversion coefficient of the 396.0-kev transition. 
The value thus obtained is ag =0.050+0.005. 

The K-conversion coefficient of the 282.4-kev 
transition was measured by comparing the relative 
intensities of the 282.4- and 396.0-kev K-conversion 
electron lines as measured with the magnetic lens 


coefficient 


4 Rose, Goertzel, Harr, Spinrad, and Strong, Phys. Rev. 83, 79 
(1951). 


spectrometer with their gamma intensities as measured 
with the 2 inchX2 inch NalI(TI) calibrated crystal. 
By combining the results of these measurements and 
utilizing the experimentally determined K-conversion 


coefficient for the 396.0-kev transition, a value of 


ax=0.038+0.01 was obtained for the 282.4-kev 
transition. 
In obtaining the multipole assignments of the 


396.0- and 282.4-kev transitions, it is to be noted that 
both transitions involve parity changes. This conclusion 
is arrived at by observing that both transitions are 
populated by an allowed beta group and both terminate 
at levels populated by first forbidden beta groups, 
see Table II and Fig. 5(a). Thus by comparing the 
foregoing experimental results for the A-conversion 
coefficients with theory” and utilizing the fact that 
parity changes are involved in both transitions, it is 
concluded that the 282.4-kev 
approximately 97 parts £1 and 3 parts M2, whereas 
the 396.0-kev transition consists of 83 parts £1 and 
17 parts M2 

lo obtain the K-conversion coefficient for the 113.6- 
kev transition, a coincidence experiment was performed 
in which the “gate” channel was set to cover the 
282.4-kev photopeak, and the coincident 113.6-kev 
accompanying lutecium K x-ray, 
engendered by internal 113.6-kev 
gamma, were observed with the 2 inchX2 inch NaI(TI) 


transition consists of 


transition and 


conversion of the 


calibrated crystal. From the relative intensities of the 
113.6-kev gamma and the lutecium K x-ray (x-ray 


Taste II. Beta transitions of Yb'* 


Beta energy Percent 
kev branch log ft Spin and parity 
46845 80 64 Aj=0, 1, yes 
35545 $42 73 4j=0, 1, yes 
7245 1545 47 Aj=0, 1, no 
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intensity corrected for fluorescence yield"), a value of 
ax = 1.7+0.4 was obtained. Combining this K-conver- 
sion coefficient with the L-subshell conversion ratios 
(Table I), we conclude that the 113.6-kev radiation 
consists of three parts M1 and one part £2.%-"5 


“ Broyles, Thomas, and Haynes, Phys. Rev. 89, 715 (1953 
Rose, Goertzel, and Swift (private circulated tables 
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Ill. Yb'"* DECAY SCHEME 


The Yb'”* decay scheme shown in Fig. 5(a) has been 
constructed on the basis of the data summarized in 
Tables I and II. A brief account of the arguments 
involved in the construction of the level scheme follows. 

The measured spin of 7/2 infers a shell model 
assignment'* of gz/2 for the ground state of Lu'’®. From 
experimental evidence to be presented below we have 
assigned spin and parity values of 9/2+ and 11/2+ 
to the 113.6- and 251.2-kev levels, respectively, in 
accordance with the spin sequence Jo, Jo+1, Jo+2, 
(all parities the same as the ground state) as demanded 
by collective motion in highly deformed nuclei for 
members of a rotational band.’ Interpretation of the 
levels at 113.6-kev (Eip+1) and 251.2 kev (Eig+2) as 
members of a rotational band with the base state Esp 
formed at stable Lu'"5(7/2+-) is supported, in part, by 
the fact that the experimental ratio Ezo+2 to Ezp+i is 
2.211+0.005 whereas the theoretical ratio? is 2.222. 
The deviation from the theoretically expected ratio 
lies in the direction and is of the proper order of magni- 
tude to be expected from vibration-rotation interaction 
effects. It is to be noted that the M1+E2 character 
of the 113.6-kev transition is in agreement with what 
one would expect from the assigned spin and parity 
values of the base state and first rotational level. The 
enhancement of the £2 radiation (E2/M1~30%) for 
the 113.6-kev transition is, as Bohr and Mottelson 
have pointed out, a direct consequence of the large 
nuclear deformations known to exist in the rare-earth 
region of the periodic table. It is also to be noted that 
the Yb'’* beta-decay data infer that the parities of the 
ground state and first excited state (113.6 kev) are 
the same. Finally, the 113.6- and 251.2-kev levels are 
undoubtedly identical with the 114- and 250-kev levels 
reported by Heydenburg and Temmer in the Coulomb 
excitation of Lu'’*.’ Thus, there seems to be no experi- 
mental evidence in the Yb'’* decay scheme to contradict 
the assignment of spins and parities to the levels in the 
observed rotational band of Lu'’® as predicted by the 
Bohr-Mottelson theory. Additional evidence to be 
presented below on the decay of Hf'’® will further 
strengthen the assignments. 

Several experimental facts must be considered 
simultaneously in order to arrive at satisfactory spin 
and parity values for the 396.0-kev level. It has been 
previously shown (Sec. IIe) that £1+M2 transitions 
from this state decay to the 7/2+ and 9/2+ levels 
[ Fig. 5(a)]. Since it was observed in the coincidence 
studies that the 137.6- and 144-kev transitions are of 
comparable intensities, it can be inferred from the 
relative intensities of the conversion electrons of the 
137.6- and 144-kev transitions that the 144-kev transi- 
tion is probably £1 or E2. The E2 possibility is elimi- 
nated by the parity change involved and hence an E1 
transition from the 396.0-kev level is thought to 
populate the 11/2+ level. Thus the most reasonable 
assignment for the 396.0-kev level is 9/2—. 


PF. A. Klinkenberg, Revs. Modern Phys. 24, 63 (1952). 
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With the assignment of spin and parity values to 
the observed levels in Lu'’* completed, it is now possible 
from the beta-decay data of Table II to arrive at an 
assignment of 7/2— for the ground state of Yb’. 
This assignment is identified with an f7/2 single particle 
level although the f7/2 subshell is normally filled for 
odd-neutron nuclei with neutron number greater than 
101.'6 

IV. DECAY OF Hf'’* 


(a) Internal Conversion Electron Measurements 


Hf'?* was prepared by thermal neutron bombardment 
of HfO, electromagnetically enriched in Hf'™ (10.2%)." 
The initial studies were carried out with the 77 gauss 
and 141 gauss, 180° permanent magnet spectrographs. 
Figure 6 shows the conversion electron lines asso- 
ciated with the Hf'”® decay. These lines correspond 
to gamma-ray transitions of the following energies: 
89.3+0.2, 113.640.2, 229.340.2, 318.64:0.2, 342.9 
+0.2 and 432.2+0.2 kev (see Table III). The transi- 
tions fit nicely into a previously proposed decay 
scheme.'*-9 

The L-subshell conversion ratios (Fig. 6) proved to 
be extremely helpful in the assignment of multipolarities 
to the various gamma rays involved in the Hf'”® decay. 
The 89.3-kev transition has L-subshell conversion ratios 
of 10:1:1. From theoretical L-subshell conversion 
coefficients"® it is possible to deduce that the transition 
consists of approximately 10 parts M1 and 1 part £2. 
The 342.9-kev transition exhibits no observable 
conversion in the Ly, and Ly; subshells. This fact 
coupled with the experimentally determined K/(L+M) 
ratio of 5.00.5 demonstrates that the transition is an 
M1+E£2 admixture with E2/M1<0.25. The 113.6-kev 
transition is considered to be identical with the one 
found in the decay of Yb'. Its weak intensity as 
observed in the Hf'”® decay precludes a study of its 
L-subshell conversion ratios other than to observe 
that it is mainly converted in the Z; shell which is 
indicative of its predominant M1 character. Because 
of the low intensity of the 229.3-kev transition, a 
satisfactory study of its L-subshell conversion ratios 
could not be performed. However, by comparing the 
intensities of its weak K and L lines on the spectrogram, 
a crude estimate of the K- to L-conversion ratio 
(K/L~2) could be made. 

The relatively poor resolution (2.2%) of the mag- 
netic lens spectrometer precluded an investigation 
of the K/L ratios for the extremely weak 113.6-, 
229.3-, 318.6- and 432.2-kev transitions. A K/L ratio 
of 5.0+0.5 was, as previously mentioned, obtained for 
the 342.9-kev transition. The lack of agreement of 
reported K/L ratios'*"® for the 89.3-kev transition is 

‘7 The samples of hafnium, enriched in Hf’, were obtained on 
loan from the Isotope Research and Production Division of the 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
ps B. Burson and W. C. Rutledge, Phys. Rev. $6, 633(A) 

” Burford, Perkins, and Haynes, Phys. Rev. 95, 303(A) (1954). 
Note added in proof—See also Burford, Perkins, and Haynes, 


Phys. Rev. 99, 3 (1955 
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Fic, 7. Gamma-ray spectrum of Hf'* obtained with a 14 inch 


X14 inch NaI(T) crystal. The high-energy region is shown on an 
enlarged scale (<5). 


undoubtedly attributable, in part, to source thickness 
effects. The relative L-subshell conversion coefficients 
as measured herein, however, should be quite definitive 
for making the M1+2 assignment to the 89.3-kev 
transition. 


(b) Gamma-Ray Measurements 


Additional information concerning the radiations of 
Hf'”® was obtained from measurements with the 
scintillation apparatus. A survey of the photon spectrum 
revealed the presence of lutecium K x-rays and 89-, 
229-, and 342-kev gamma rays (see Fig. 7). The 
photopeak (A) of Fig. 7 is engendered by 131- and 
135-kev gamma rays‘ which accompany Hf'* decay. 
Absence of annihilation radiation indicated that Hf'’® 
decays entirely by orbital electron capture. 

The photon spectrum was further studied with the 
calibrated 2 inchX2 inch NalI(TI) crystal. With the 
source to detector geometry arranged to avoid “pile-up” 
of coincident gamma rays, the relative gamma intensi- 
ties of the 229-, 342-, and 432-kev transitions were 
determined. The gamma intensity data are summarized 
in Table III. 

Several gamma-gamma coincidence experiments were 
performed on the gamma rays accompanying the Hf'”* 
decay. Coincidences were observed between the 89-kev 
and 342-kev transitions. Because of the low intensities 
of the 318- and 114-kev transitions relative to those 
of the 89- and 342-kev transitions, it proved impossible 
to do definitive coincidence experiments on the 318- 
kec to 114-kev cascade and the 229-kev to 114-kev 
cascade. It is felt, however, that the energy values 


TaBLe ITI. Gamma transitions of Hf. 





Gamma _ Relative Relative 

energy gamma transition 
(kev) intensities intensities Li:Lin:Lin K/(L4+M) Multipolarity 
893 3.741 2246 10:1:1 2£2/Mi-*A 
11346 eee 30+1 Mi +282 
229.3 1+0.5 1.220.5 K/L~2 Rl 
3186 wee 1.52405 (B2)« 
342.9 100410 110410 10 $0405 22/Mi<0.25 
432.2 241 241 (Mf)« 





y heme of Fig. 5(b). 


* Multipolarity assignment deduced from 
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determined by the magnetic spectrograph measurements 
are sufficiently conclusive to establish these genetic 
relationships. 
V. Hf'** DECAY SCHEME 

The data given in Table III establish most of the 
features of the decay scheme shown in Fig. 5(b). From 
the relative transition intensity data given in Table ITT, 
it appears that little, if any, orbital electron capture 
takes place to the 113.6-kev level. To determine the 
K-capture ratios to the 342.9- and 432.2-kev levels a 
experiment performed 
scintillation apparatus. With the “gate” 
to the 342-kev photopeak, the coincidence 
spectrum of the 89-kev gamma ray and lutecium K 
x-rays was examined. The K x-rays are engendered 
partly by A-capture transitions to the 342.9-kev and 
432.2-kev levels and partly by K-conversion of the 
89-kev transition. From the measurement of the relative 
of the 89-kev gamma lutecium K 
x-ray and by utilizing the K-fluorescence yield,“ the 
and the 


coincidence was with the 
channe! set 


cover 


intensities and 


estimated L- to K-capture ratio of 17%,” 
estimated K-conversion coefficient and K/L ratio for 
the 89.3-kev transition," K-capture branching ratios 
of ~80% to the 342.9-kev level and ~20% to the 
432.2-kev level were obtained. Further studies of the 
gamma-ray spectrum with the calibrated 

h Nal(TI the 

x-ray intensity relative to that of the 
(<10°% 
orbital electron capture takes plac e to the ground 
of Lu" 


“ungated” 
2 inchX<2 
lutecium AK 
342-kev gamma intensity that little, if 


in¢ crystal indicated from 


any 


state 


the 342.9-kev level 
4 


| that 
radiation to the 7 


5(b 


—— 
By observing ] ig 
? 


W1+1 


ground state, 


or 9/24 


dec iVs by 


varity assignment of 5/2+, 7/2+, 
d J Phys. Rev. 76, 1540 (1949). 


L Jac kson, 
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can be made for the 342.9-kev level. A 5/2-+assign- 
ment for the 342.9-kev level would seem to be the 
most probable in view of the absence of observable 
K-capture to the 7/2+ ground state and to the 9/2+ 
excited state at 113.6 kev. From the M1+ £2 character 
of the 89.3-kev transition, a tentative assignment of 
5/2+ is made for the 432.2-kev level. Perhaps one of 
the foregoing 5/2+ levels is to be identified with a 
ds,2 level available from shell theory.'* It is to be noted 
that the remaining 5/2+ level excited by Hf'”® decay 
and the 9/2— level excited by Yb'”® decay are not 
readily explainable on the basis of the shell model. 

By utilizing the beta-energy systematics of Way and 
Wood (which give a disintegration energy of ~900 
kev) and the above K-capture branching ratios, 
log ft values of 7.8 and 7.4 are determined for the 20% 
and 80% K-capture branches, respectively. This 
suggests that a spin change of one unit and a parity 
change are realized in both K-capture transitions. 
Since there is no observable K-capture to the 7/2+ 
Lu'’® ground state (log ff>8.8), a spin and parity 
assignment of 3/2— is therefore made for the ground 
state of Hf'*. This ground-state assignment is probably 
be ap which is 
available from shell theory." 


to identified with configuratior 
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be the neutrino emission. It is a monatomic gas, so that 
surface effects and disturbing molecular effects are 
absent. It can in principle be prepared carrier free, it 
is chemically easy to extract and purify, and it does not 
contaminate the measuring system. Its main disad- 
vantage lies in the low energy of the recoiling Cl* 
atoms; this is predicted from the radioactive transition 
energy of 815+2 kev' to be 9.65+0.05 ev, assuming a 
two-body breakup with zero rest mass for the neutrino. 
This disadvantage has not prevented Rodeback and 
Allen? from observing the recoil velocity in a coincidence 
time-of-flight experiment, nor did it prevent Kofoed- 
Hansen’ from studying the decay in greater detail in a 
recent integral experiment employing an ingenious 
crossed-field spectrometer. The work herein to be de- 
scribed paralleled Kofoed-Hansen’s in objectives and to 
a large extent also in time; the experimental approach, 
however, has been considerably different. 

At the outset one expects the monoenergetic recoils 
to have a distribution in charge arising from Auger 
processes accompanying the filling of the inner shell 
vacancy left by the orbital electron capture. One also 
expects a considerable natural width to the recoil lines, 
because the velocity of the argon atoms in their thermal 
motion amounts on the average to about 5% of the 
expected recoil velocity. That these expectations are 
realized has been shown rather qualitatively in an earlier 
communication of ours,‘ but since that time our tech- 
nique has been greatly improved, and we are now able 
to present a much more detailed and precise experi- 

' Richards, Smith, Browne, Phys. Rev. 80, 524 (1950) give 
816+4 kev, and Schoenfeld, Duborg, Preston, and Goodman, 
Phys. Rev. 85, 873 (1952) give 81642 kev, both from Cl"(p,n)A” 
threshold measurements. Emmerich, Singer, and Kurbatov, Phys. 
Rev. 94, 113 (1954) give 815+20 kev from the upper limit of the 
4’ internal bremsstrahlung spectrum. We here adopt the value 
of Schoenfeld e al. because it has the smaller quoted error, but 
we reduce their value by 1 kev because of a subsequent recalivra- 
tion of the Li’(p,n)Be’ threshold, which had been taken by them 
as a standard for their voltage scale. We are indebted to Dr. C. H 
Johnson for informing us of the necessity for this step 

?G. W. Rodeback and J. S. Allen, Phys. Rev. 86, 446 (1952). 


+0. Kofoed-Hansen, Phys. Rev. 96, 1045 (1954). 
‘A. H. Snell and F. Pleasonton, Phys. Rev. 97, 246 (1955). 





mental study of the A®’ recoils, using the methods of 
high resolution magnetic spectrometry. 


EXPERIMENTAL 

The recoil spectrometer is diagrammed in Fig. 1. A 
conical “source volume” contained the radioactive gas 
under a total pressure of 2X 10~* mm of mercury or less; 
this stainless steel container was 300 cm long and its 
interior was presumed to be free of electric and mag- 
netic fields. A small fraction (about 10~*) of the atoms 
recoiling from radioactive decay in this volume emerged 
from a hole } inch in diameter at the small end, and the 
resulting beam was subjected to analysis by a 96.5- 
degree deflection in a wedge-shaped, stigmatic-focusing 
magnetic field. The radius of curvature in the field was 
about 16.75 cm. The ions were then deflected and stig- 
matically focused a second time in an electrostatic 
deflector having spherical sector plates spaced +3 cm 
about a mean deflection radius of 20 cm. Finally, the 
ions were accelerated through 4600 volts for counting 
by means of a secondary electron multiplier of the de- 
sign developed for particle counting by Allen,’ but 
employing Ag-Mg plates. 

No windows or foils could be used between source 
volume and detector, so the only means of forestalling 
an overwhelming background counting rate from gas 
flowing to the vicinity of the detector was' to apply 
strong differential pumping, and to handle the gas on a 
continuous flow-through basis. The pumping require- 
ments are stringent. The vacuum system must be 
narrowed at the nodes of the ion bundle, and the 
importance of two-directional focusing by the de- 
flecting devices becomes compelling. The differen- 
tial pumping can be traced out in Fig. 1, where 
measured pumping speeds are indicated. To conserve 
the gas for reuse, the mechanical forepumps were re- 
placed by a Toepler pump which compressed the gas 
into a storage volume, where it could be purified by 
hot calcium or zirconium. The recovery system was use- 


~ #3. §. Allen, Rev. Sci, Instr. 18, 739 (1947). 
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ful, but best results were always obtained from a fresh 
batch of gas. 

The argon-37 was prepared by the Ca“(n,a)A” re- 
action, calcium oxide being irradiated in 150-gram 
batches in the Low Intensity Testing Reactor. This 
yielded samples several curies in strength,‘ and we 
estimate that 2 to 10 millicuries were typically present 
in the source volume when readings were being taken. 
Monitoring the source strength was a nuisance because 
there was no external signal ; the best we could do was to 
follow its depletion by referring back to a standard 
position in the spectrum at intervals during the course 
of each run. 

The source volume was insulated from ground, mak- 
ing it possible to apply predeflection acceleration to the 
ions before they entered the analyzer. We thus in- 
troduced a useful degree of flexibility in the effective 
resolution. When a positive bias of several hundred 
volts is applied to the source volume, the widths of the 
lines presented to the spectrometer become proportion- 
ately small, and are exceeded by the transmission width 
of the spectrometer, so the resolution is effectively low. 
At the other extreme, when only a few volts’ bias is 
applied, the transmission width is smaller than the 
natural width, so the spectrometer acts with high 
resolution, and can examine the line shapes. The ex- 
ploitation of this feature will become apparent as our 
discussion proceeds. 

The use of both magnetic and electric deflection may 
seem puzzling because clearly both were not required 
for the energy analysis. The combination did however 
give complete ¢/m identification of the ions that were 
counted, and it will be of further utility for future 
experiments—particularly those involving continuous 
recoil spectra. Actually, the electric deflector served an 
indispensable function by merely supplying an enlarge- 
ment of the system to which a stage of differential 
pumping could be applied. The magnet was necessary to 
resolve the charge spectrum.’ We here put main em- 
phasis upon the magnet as the analyzer, treating the 
electric deflector as a subsidiary that was always ad- 
justed to transmit ions that were passed by the magnet. 
Actually, the method of taking readings was to match 
the electric deflector to the magnet for a given e/m 
value, and then to hold both deflecting fields fixed while 
sweeping over the line in question by slightly changing 
the voltage on the source volume. Thus our results will 
be presented as energy spectra obtained at fixed Bp 
settings of the magnet, the abscissa scales being in terms 
of source volume voltage. Expressed in corresponding 
terms, the transmission width of the magnet was 2.8% 
in energy when half-inch object and image apertures 
were used. One reason for using this procedure was to 
save time in taking readings (the source is running out 
all the time!) for only one adjustment then had to be 
made between counts. As a consequence of the use of 


* We are indebted to R. E. McHenry of Operations Division, 
Oak Ridge National Laboratory, for the high quality of the 
chemical separation and purification 

’ The curves of reference 4 illustrate the incomplete charge 
resolution given by the electric deflector alone 
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fixed deflecting fields, the energy interval accepted by 
the spectrometer was constant, so the counting rates 
did not require division by the energy or momentum 
value to obtain the number of counts per unit energy 
or momentum interval. 
The equation governing the magnetic deflection is 
Bp={2M(E,+zeV,)}}/ze, (1) 


where E, is the recoil energy, V, is the source voltage, 
and M and ze are respectively the ionic mass and charge. 
With Bp in gauss-cm, E, in ev, and V, in volts, this 
becomes 


Bo=143.94{M(E,+:V,)}*/z, (2) 


where the atomic constants concerned have been taken 
from the values of Dumond and Cohen,® and the value 
M = 36.977 amu is pertinent to the present work. In 
the most accurate determination of the recoil energy, 
a proton nuclear resonance fluxmeter was used to deter- 
mine B, and the calibration of the magnetic spec- 
trometer consisted of the determination of the effective 
radius of curvature p, which would take into account 
deflection in the fringing fields and perhaps a small 
effect arising from the fact that the magnetometer probe 
was placed aside from the position of the ion paths. 
The form of Eq. (2) requires that the calibration be very 
carefully done, for with zV,=75 (a typical value), p 
must be accurate to 0.1% for 1% precision in E,. 
Calibration was accomplished in two ways. At field 
strengths higher than those used for the recoil energy 
determination, positive ions produced in the ion source 
on the end of the source volume were deflected at 
accurately known voltages (N,* and H,O* at about 500 
and H,*, H,*, and H;* at about 1000 volts), care being 
taken to keep the voltage across the ion source itself low 
(10 volts) compared with the potential drop en- 
countered on entering the magnet deflection chamber, 
so that uncertainties arising from space charge and 
point-of-origin effects in the ion source would be small 
compared with the total energy. In this calibration the 
ultimate standard was a standard cell with voltage 
measurement by means of a type K potentiometer and 
a string of intercalibrated wire-wound resistors. The 
value of p thus obtained was 16.747+0.01 cm. The 
second method of calibration was used at field strength- 
lower than those used in the recoil energy determinas 
tion, and made use of the internal conversion lines 
of Bi®’ and Cs’. For this purpose the field had to 
be reversed, and detection was by means of a scintil- 
lator. For the Bp value of the K-conversion line of Bi®’ 
we took 4656.8+1.1 gauss-cm, this being derived from 
the mean of the gamma-ray measurements 1063.9+0.3 
kev by Alburger® and 1063.4+0.5 kev by Yavin and 
Schmidt.” The Bi®’ calibration yielded p=16.741 
+0.006 cm. For the Cs"? K-conversion line we adopted 
a Bo value of 3381.2+0.6 gauss-cm, derived from the 
gamma-ray measurement 661.60+0.14 kev by Muller 


* J. W. M. Dumond and E. R. Cohen, Revs. Modern Phys. 25, 
1 (1953). 

* D. Alburger, Phys. Rev. 92, 1257 (1953) 

# A. I. Yavin and F. H. Schmidt, Phys. Rev. 100, 171 (1955). 
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Fic. 2. The singly-charged recoil peak as observed with 490 
volts positive bias applied to the source volume. The natural 
width is comparatively small, as indicated, and the curve traces 
the instrumental transmission function. The scale at the top 
indicates that the neutrino recoil energy is easily observable even 
at this high source voltage. Background has not been subtracted 
from this curve nor from Fig. 3, because it is instructive to show 
the signal-to-background ratio inasmuch as this is a measure of 
the adequacy of the differential pumping. The magnet was set at 
19 531 Bp. 


and others,'! and obtained p= 16.746+0.007 cm. As the 
mean of these three determinations we adopted finally 
p= 16.745+0.004 cm, and used this value for the 
evaluation of the recoil energy. 


EXPERIMENTAL RESULTS AND DISCUSSION 
I. Charge Spectrum of the Recoils 


With a potential bias of about +500 volts applied to 
the source volume, the transmission width of the ana- 
lyzer encompasses the entire recoil line, and under these 
circumstances it is sufficient in measuring the relative 
intensities of the different charge states to take counting 
rate measurements at single settings upon the respective 
peaks. The lines could, however, be traced over at will, 
as is shown in Figs. 2 and 3 where the rather weak 
charge 1 and charge 5 peaks are shown. These plots of 
course trace out only the transmission curve of the ana- 
lyzer, but they show how completely the lines are 
swallowed by the spectrometer. As will be observed from 
the scales at the top, the neutrino recoil energy was 
quite evident even when this rather high voltage was 
applied to the source volume. 

It is unsafe to assume that the multiplier responds 
equally efficiently to the ions of varying charge, so it 
was necessary to evaluate corrections by the use of 
conventional integral bias curves. The curve for singly- 


" Muller, Hoyt, and Klein, and DuMond, Phys. Rev. 88, 775 
(1952). 
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Fic. 3. The quintuply-charged recoil ions observed with 490 
volts positive bias applied to the source volume. The curve is 
comparable with the singly charged ion peak shown in Fig. 2. Both 
figures show that at this source voltage, the lines are entirely 
accepted within the transmission width of the spectrometer. The 
magnet was set at 8740 Bp. 


charged ions was accurately obtained by introducing 
carbon tetrachloride vapor into the ion source, but for 
the higher charges we used the A*’ peaks themselves. 
Consequently the curves for the higher charges are 
rather rough (Fig. 4), but they do seem to indicate that 
ions of increasing charge produce pulses of slightly in- 
creasing average size. The upward corrections, read 
from these curves at the indicated operating pont, and 
applied to the observed counting rates, were 8.5% for 
charge 1 ions, 6.5% for charge 2, 3% for charge 3. 1% 
for charge 4, and no correction was assumed necessary 
for charges 5, 6, and 7. 

The results of the relative intensity measurements are 
displayed in Fig. 5, and they are given in detail in the 
second column of Table I. The errors indicated are a 
combination of statistical uncertainty and uncertainty 
in the multiplier sensitivity correction. These relative 
intensity data were obtained by choosing the charge 3 
line as a standard, and making several alternating 
settings on charge 3 and on the line under investigation, 
making the necessary allowance for source depletion 
and background. It is assumed that the ions of differing 
charge were equally efficiently transmitted through the 
apparatus. 

Since the path lengths in the source volume were 
rather long, it was necessary to provide a magnetic 
shield (Fig. 1) to prevent the earth’s field from preferen- 
tially affecting the paths of the recoils of high charge. 
It was also necessary to check the effect of pressure, 
lest collisions in the gas distort the charge spectrum. 
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nning a second set of measurements 


at about double the source-volume pressure ised for 


. 
the first set of readings. The total source-volume pres- 
sures were in fact 6 to 7X10~* mm Hg for the first run, 


and 12 to 16*10°* mm Hg for the second; these are 


ionization gauge readings. The charge spectrum ob- 
tained at the higher pressure is given in the third column 
of Table I. Comparison of the results shows that at the 
higher pressure the charge 1 and 2 peaks are strength- 
ened, while the charge 4, 5, 6, and 7 peaks are weakened ; 
there is thus an indication that the effect of collisions is 
to “degrade” the charge spectrum. However, the ob- 


served differences are quite small, and it is likely that 


the intensities obtained at the lower pressure are not 
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Fic. 5. The distribution in charge of the A” neutrino recoils. 
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These observations differ from those of Kofoed- 
Hansen’ mainly in that we find the charge 1 recoils to 
be considerably weaker than observed in his experiment. 
The mean charge as derived from our differential spec- 
trum is 3.26+0.03, which is in satisfactory agreement 
with the direct current measurements by Wexler” 
(3.0+0.2) and by Perlman and Miskel® (3.41+0.14). 

The observation that 0.4+0.1% of the recoils have 
lost 7 of their 17 electrons presents a challenge in 
interpretation—the more so because this is a greater 
number than can be accounted for by the direct creation 
of double K (or simultaneous K and L) vacancies in the 
capture event. Such a process is expected theoreti- 
cally"'® and found experimentally'® to occur in only 
0.04% of the decays, and is thus far too weak to account 
for the present observation, expecially inasmuch as 
there is no reason to expect those particular atoms to 
concentrate in the charge 7 state. We are accordingly 
faced with the problem of accounting for the emission 
of 7 electrons by conventional Auger processes, starting 
with a single K-shell vacancy. The transition is from the 
electronic configuration 1s'2s°2p%3s*3p* to the configura- 
tion 1s*2s*2p*; that is, the atom loses all 8 of its M elec- 


Taste I. Relative intensities of the charge states of the A” recoils. 





harged recoils 
P Pressure 12 to 
Charge 16 X10°* mm Hg 
1 6.9+0.1 
2 16.8+04 
3 39.0+0.5 
4 25.9+0.4 
5 10.0+0.2 9.6+0.2 
6 1.8+0.1 1.5+0.1 
7 0.4+0.1 0.2+0.1 


Mean charge of 3.26+0.03 3.20+-0.03 


charged recoils 


trons, one being used in the filling of the K-shell vacancy, 
and the other 7 leaving the atom. This can be accom- 
plished only by the double use of the M;, positions; they 
are first emptied by Auger events, then filled from the 
Mi and My shells, and finally emptied again. The 
process can be plausibly traced in Fig. 6 as follows: 
The K vacancy at the left is filled by an L; electron with 
the concomitant the other Z; electron 
(arrow) as an Auger electron. The two LZ; vacancies 
thus created are filled from the Ly, or Ly shells; this 
energy to remove 


emission of 


transition does not provide enough 
another L electron from the atom, so the best the atom 
can do is to throw off M electrons. We suppose these to 
be M;, electrons. At this stage we have vacancies in the 
four positions indicated in the third column. We now 
suppose that the two M;, vacancies are filled by 
M,— My, My) transitions as shown in the fourth col- 
umn. Simultaneously, one of the L111 vacancies can 
be filled by an Auger process from the M shell, as 


2S. Wexler, Phys. Rev. 93, 182 (1954 
@M.L. Perlman and J. A. Miskel, Phys. Rev. 91, 899 (1953). 





“ H. Primakoff and F. T. Porter, Phys. Rev. 89, 930 (1953) 
M. Wolfsberg, Phys. Rev. 96, 1712 (1954). 
* J. A. Miskel and M. L. Perlman, Phys. Rev. 94, 1683 (1954). 
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shown at the top. We have now used all of the 8 origi- 
nally available M electrons, but we have the two M, 
positions filled, and we have not yet filled the other 
Lu, vacancy in the third column. One of the two new 
M;, electrons can now fall into this Zy,m vacancy, 
causing the emission of the other (dotted lines). Thus 
the atom will have disposed of all its M electrons, and 
a count of the arrows will show that 7 electrons have 
left the atom. 

The precise chain outlined above is not quite unique 
as to details, but the double use of the M;, positions is 
essential for the removal of seven electrons. The en- 
ergetic possibility of the (M;—My; My) transitions 
(twice used in the above scheme) is not clear, and we 
are compelled to conclude that the present experiment 
demonstrates this possibility, at least in these dis- 
turbed atoms."’ 

II. Natural Widths of the Recoil Lines 

While we were examining the charge 1 line, it became 
apparent that it was particularly narrow, and since 
this observation persisted under a variety of source 
voltage conditions, special attention was given in the 
experimental line shape analysis to its width compared 
to that of other lines, the easiest of which to study was 
the intense one of charge 3. The results of this compari- 
son are given in Fig. 7. Here the points give experi- 
mental results obtained with very low applied source 
voltage (about 7 volts) so that the instrumental trans- 
mission width is much smaller than the natural widths 
of the lines. (The instrumental widths are separately 
indicated near the bottom of the figure.) The continuous 
line gives the theoretical peak shape that would be 
expected to result from the thermal motion of the A*’ 
atoms (kT =0.025 ev) and the dotted line shows how 
the thermal peak is widened when one includes the 
recoil arising from the emission of randomly-directed, 
2300-ev Auger electrons which, according to Kofoed- 
Hansen,’ are the most energetic Auger electrons emitted. 
The theoretical line shapes have “folded into” them a 
small contribution (about 3%) from the appropri- 
ate finite instrumental! resolution. We are indebted to 
Dr. J. M. Jauch for calculating the theoretical peak 
shapes, and to Miss Thelma Arnette who, under the 
guidance of Dr. T. A. Welton, was kind enough to 
compute the “folding in” effect. 

Both theoretical peaks have been positioned in the 
figure on the assumption of a recoil energy of 9.66 ev. 
For clarity the experimental peaks have been shifted to 
an approximate centering on the theoretical line shapes. 
This was done because the data were obtained by the 


'7 Note added in proof.—In a very recent article, Wolfsberg and 
Perlman [Phys. Rev. 99, 1833 (1955) suggest that there may be 
an electronic excitation arising from the changes of the electric 
fields within the atom that occur as Auger electrons are released 
Such a process might excite the M electrons to the extent that 
the M;—MiMy transition is definitely energetically possible 
and so remove doubts about the cascade mechanism suggested 
above, or it might even cause ionization independently. 

In estimating the energetic possibility of transitions we have 
used the compilation of x-ray absorption edges given by Hill, 
Church, and Mihelich [Rev. Sci. Instr. 23, 523 (1952) ]. 
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Fic. 6. Possible sequence of events leading to a C charge 7 
ion. The positions marked with arrows indicate the electrons 
emitted by Auger processes as described in the text. 


use of an early fluxmeter (not a proton resonance de- 
vice, but a null-reading, moving coil instrument) the 
calibration of which was very slightly nonreproducible. 
The calibration affects the relative positioning of the 
recoil energy abscissa scale and the source voltage 
scales, against which the counting-rate readings were 
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Fic. 7. Comparison of the natural shapes of the singly- and 


triply-charged recoil lines. The points are experimental and the 
curves are theoretical. The working scales for the experimental 
data are given at the top; it will be observed that the ion energies 
were very low, and the instrumental transmission width is much 
less than the natural widths of the lines. Background has been 
subtracted, the intensities have been normalized, and small shifts 
(within the fluxmeter errors) have been applied to the data to 
match them at 9.66-ev recoil energy so as to give a clear compari- 
son of the line shapes. The singly-charged line is seen to be much 
narrower than the triply-charged line. A suggestion for the reason 
for this narrowness is given in the text. 





1402 H. SNELL 


actually obtained, but it does not affect the peak shape. 


Thus obtain a clear picture for the comparison of 


source voltage scale for the charge 1 


readings was shifted 0.2 ev, and that for charge 3 0.35 ev, 


ipward on the recoil energy scale It should therefore 


be understood that Fig. 7 has been arranged purely for 


omparisons, and it is not to be taken as 


measurement 


line shape ly indicates that the 


tion ol accurate recol energy 


ilt of the 


perimenti 


ne Ss ex 


ne, and indeed it is slightly wider than would 


ted on the basis of thermal motion pilus Auger 


The reason for the excess width is not clear, 


an be attributed to slight additional 
second and third Auger 


ission oI the 


I have an energy of about 250 ev.'® 


may 


motion alone accounts for the width of the 


ne. This observation can hardly be instru- 
» think of an experimental 


ms 


asured at the higher source vo , 
t more of the inst 


te that the zer 


yecause it has i 
. ashed curve. N 
is far off the figure to the left 


energy scale 


* An extension of the line-width calculation has since 
that the ejection of Auger electron with an er 
250 ev will broaden the line by less than 0.1 ev in the full wi 
f the obse rved width 


hk secom 


at half-intensity, so that some 


explained 


AND 
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effect that can make a line look narrower than it really is. 
Another line width comparison was made with about 90 
volts on the source volume for the charge 1 ions, and 
30 volts for the charge 3. The readings were statistically 
much 7, but at these 
higher voltages the effect of folding in the (relatively) 


more accurate than those of Fig. 


increased instrumental width becomes a major consider- 
ation, and the experimental comparison is slightly less 
direct Auger recoil 
is required to explain the breadth of the charge 3 peak, 


The result however was the. same: 
but it is not present in the charge 1 peak 

A plausible explanation for the narrowness of the 
charge 1 recoil line emerges when we consider the proc- 
esses that can lead to singly charged recoils: 

(1) K-capture, with the KA-vacancy filled by an 
Auger process. This nediately to two 
vacancies (probably in the L-shell), and no further 


will lead imr 
Auger processes will be permitted. 

(2) K-capture followed by 
the K x-ray. This is known to occur in about 9% of the 
lead to a single vacancy in the 


still neutral, 


“fluorescent”’ emission of 


decays,’® and it will 
L-shell 
Auger process is called for. 

(3) L-capture, known to occur in 8% of the decays,” 


The atom is so one subsequent 


resulting in a single L-vacancy, and requiring one sub- 
sequent Auger process to give the ion its charge. 

Now we have only to look at the preponderance of 
multiple charges in the spectrum to realize that the 
Auger processes in the L- and M-shells are very prob- 
able, and that the requirement of process (1) that two 
inner-shell vacancies be filled simultaneously with no 
Auger transitions might be very severe compared with 
the situations in (2) and (3) where there is only one 
vacancy and a subsequent Auger transition is actually 
called for. If the severity of this requirement is such as 
to outweigh the initial favorable chance of process (1), 
then the charge 1 peak will be fed mainly through 
processes (2) and (3), neither of which is accompanied 
by the emission of the 2300-ev Auger electron. Thus the 
charge 1 peak may have inappreciable natural spread 
other than that arising from thermal motion. There is 
sufficient y in processes (2) and (3) easily to 
account for all of the charge 1 recoils on the basis of our 
measurement of their strength in the charge spectrum 


nsity 


III. Energy of the Recoils 


One chooses the charge 1 recoils as the most sensitive 
and it is best to select a 
source voltage such that the proportional width of the 
ine presented to the spectrometer approximately equals 
he instrumenta ith. Under these con- 

he line stands well above background, and little 
an be gained by going to lower voltages where the line 
starts to broaden out and fade into the background, nor 
to higher voltages where the recoil contribution becomes 


*See the compilation of flu data by Broyles 
as, and Haynes, Phys. Rev. 89, 715 (1953), and E. H. S 
l tuger Effect and Other Radiationless Transition 

bridge, 1952), p. 48 
Hanna, Phys. Rev. 75, 982 
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a smaller fraction of the total energy. For the especially 
narrow charge 1 line this situation occurs when about 50 
volts are applied to the source volume. Actually we 
made two careful examinations of the charge 1 peak, 
one at about 50 volts and one at about 90 volts. The 
results are plotted together in Fig. 8. Background has 
not been subtracted because it is instructive to leave it 
explicitly indicated. The working scales are indicated at 
the top, and through the calibration of the instrument 
these have been related to the recoil energy scale shown 
at the bottom. The two peaks are quite symmetric, and 
we have supposed it legitimate to use the center line as 
the indicator of the peak position; the same procedure 
was used in the calibration. The 90-volt peak centers at 
9.64 ev with an uncertainty of +0.02 ev in the centering, 
and the 50-volt peak centers at 9.61 ev with an un- 
certainty of +0.03 ev. It seems acceptable to adopt 
9.63+0.02 ev as the average, but to this we must 
attach an error of +0.05 ev as a possible calibration in- 
accuracy. Thus we arrive at a final value 9.63+0.06 ev 
for the energy of the A*’ recoils. It will be recalled that 
the value based upon the Cl*"(p,7)A* threshold was 
expected to be 9.65+0.05 ev. 

It is of interest to see what limit this determination 
places upon the rest mass of the neutrino. The momen- 
tum balance is expressed through the equation 2ME, 
= (T/c)(T+2vc*), whence it is apparent that if the 
neutrino rest energy vc? were to amount to 1% of 
its kinetic energy 7, that is, if it were to amount to 4 
kev, then the expected recoil energy would be 9.75+0.05 
instead of 9.65+-0.05 ev, and this would be just outside 
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of the estimated errors so far as agreement with our 
determination is concerned. It is safer to state that from 
the evidence the neutrino rest energy is probably less 
than 5 to 6 kev. This limit is of course less restric- 
tive than is the limit obtained from the shape of the 
high-energy end of the tritium beta spectrum, but it is 
based upon an independent experimental method and 
one that involves theoretical considerations no more 
complicated than the conservation of momentum. The 
conclusion also rests upon the assumption that the 
CF7(p,n)A® threshold can legitimately be taken as 
determining the Q-value for that reaction. 

In conclusion we may state that we have apparently 
encountered none of the expected difficulties that are 
supposed to beset the deflection of ions of low energy 
that is, difficulties related to contact potentials and the 
charging-up of surfaces. Aside from reasonable (but not 
extreme) cleanliness, the only precautions that we took 
were to use mercury diffusion pumps to avoid internal 
surface films of insulating oil, and to have the ions see 
only stainless steel throughout their flight. Perhaps the 
saving features were that the apertures were large and 
the current densities extremely small. We expect to 
use the spectrometer in the measurement of continuous 
recoil spectra accompanying the beta decay of rare 
gases, but here an additional of differential 
pumping will have to be added because one then will 
forego the concentration of the recoil intensity into lines. 
Meanwhile, the method has proved itself under rigorous 
conditions in the detailed investigation of the very 
low-energy A*’ line spectrum 
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Radioactive Decay of the Isomers of Americium-242* 
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characteristics of the two isomers of Am* have been investigated. The beta decay of the 

g ratio of 5145% to the first-excited state (42.3 kev) of Cm™ with the 

decay going to the ground state, The electron capture decay of Am** has a branching 

ly 60% to first-excited state (44.8 kev) of Pu™. An upper limit of 6% has been set for 

lecay via isomeric transition. The beta decay of the 100-year Am™ has a branching 

first-excited state of Cm™, with the remainder of the decay going to the ground 


has a branchir 


wints for Am**" and Am? have been measured to be 6204-10 kev and 
lecay scheme for the two isomers has been proposed. Log ft values have been 


cay 


I. INTRODUCTION 


HE two isomers, 16-hour Am*”" and long-lived 
(approximately 100 years) Am*™, were first ob- 
served as neutron-capture products of Am™.'! The 


* This work was performed under the auspices of the U. § 
Atomic Energy Commission. The contents of this report have 
been presented in somewhat greater detail in University of Cali- 
fornia Radiation Laboratory Unclassified Reports UCRL-2325, 
UCRL-2528, and UCRL-2537 (unpublished). 

t Present address: Tracerlab, Inc , Richmond, California 

¢ Present address: Phillips Petroleum C Idaho Falls, 
Idahe 

' Seaborg, James, ar 


Company, 


d Morgan, The Transuranium Elements: 


ture decay of the isomers and are discussed in conjunction with spin 


decay characteristics of these isomers, particularly 
Am", have been studied by O’Kelley ef al.? From the 
experimental data obtained by the authors, it is 
possible to formulate decay schemes for these isomers 
which differ in certain respects from those reported in 


Research Papers (McGraw-Hill Book Company, Inc., New York, 
1949), National Nuclear Energy Series, Plutonium Project 
Record, Vol. 14B, Div. IV, p. 1529; Seaborg, James, and Ghiorso, 
NNES, p. 1554; W. M. Manning and L. B. Asprey, NNES, 
p- 1595 

*O’Kelley, Barton, Crane, and Perlman, Phys. Rev. 80, 293 
1950 
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Fic. 1. La x-ray spectrum of a sample containing 


Am*™ and Am?®®*. 


previous work. The fraction of Am*”™" decay which 
proceeds via the isomeric transition was found to be 
much smaller than was thought previously. Also, the 


the levels of Pu®*® and Cm*” populated by 


energies ol 

the decay of Am™ 

interpretation of the conversion electron spectrum. 
1 


™ have been determined from a re- 


The results of Church’ on the decay of Am*”” essentially 


agree with the data reported here 


Il. EXPERIMENTAL METHODS AND RESULTS 


The measurements described were performed on 
Am?*#= Am*” produced in three 
separate neutron irradiations of purified Am*™'. The 
aa using 


americium from two irradiations of one day and five 
‘ 


quantities of and 


decay characteristics of were studied 


days in duration.‘ A separate sample of americium 
which had been subjected to a much greater total 
neutron irradiation was used in the study of the long 
lived Am*” 
following isotopic abundances: Am” 
1.1%, Am’? 8.59% 


after irradiation using a combination of hydroxide and 


Mass analysis of this sample revealed the 
90.4%, Am* 
and Che americium was purified 


fluoride precipitations, ion exchange columns, and 
oxidation to the hexapositive oxidation state, techniques 
which have been described previously.® Since the Am*” 
isomers were produced by neutron irradiation, Am™ 
constituted a large fraction of the mass of each sample. 
Che radiations of Am*®" were identified by their 16- 
hour decay, while the radiations of long-lived Am*” 
mixture of Am*™* Am* by 
eliminating those which also appeared in a pure sample 
of Am™ 
th 


The electromagnetic radiation of Am*@* in the region 


were resolved in a and 


of 15-60 kev was examined with a bent-crystal spec 
trometer of the Cauchois type.* A portion of this 

*E. L. Church National Laboratory, unpublished 
report, 1953 

*The irradiations were performed in the Materiais Testing 
Reactor at the National Reactor Testing Station, Idaho Falls, 
Idaho 

* Thompson, Ghiorso, and 
Asprey, Stephanou, and Penneman 
1950 

8 Barton, Robinson, and Perlman 


Argonm 


Seaborg, Phys. Rev. 80, 781 
J. Am. Chem. Sox 


1950) - 
72, 1425 


Phys. Rev. 81, 208 (1951 
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spectrum showing the La lines is shown in Fig. 1. The 
L x-rays of neptunium observed in the spectrum arise 
from the conversion of gamma rays from the alpha 
decay of Am™'. The data on the L x-rays associated 
with the decay of Am** are listed in Table I. In addi- 
tion to the bent-crystal spectrometer study, a sodium- 
iodide-crystal spectrometer was employed to measure 
the intensity of the Pu K x-ray. Using fluorescence 
yields based on Kinsey’s estimates,’ the relative L 
shell vacancies have been calculated for curium and 
plutonium: Cm L2:L3;=250:110 and Pu K:L2:L; 
= 40:70:30. These figures were based upon the observed 
intensities and were corrected for the abundance of L 
lines not observed using data on Am™!,® The ZL; quantum 
yield has been omitted because of uncertainties in line 
assignments and low abundance. The fluorescence yield 
for the plutonium K shell is estimated as 98%.° A cor- 
rection has also been applied for the Z vacancies in 
plutonium due to emission of K x-rays. No corrections 
have been made to the above intensity ratios for non- 
radiative transitions of the Coster-Krénig type because 
of the uncertainty in the magnitude of these effects. 
These L x-ray intensities lead to a ratio of curium to 
plutonium L conversion of 3.6 assuming only K and LZ 
electron capture. 

There is considerable question as to the origin of the 
americium L x-rays. It was observed that these lines 
decayed to some extent and then remained constant 
with time. The americium L x-rays which did not 


rase I. X-rays following the decay of Am™®*. 
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decay with a characteristic 16-hour half-life are thought 
to be due to self-excitation of the bulk Am™ in the 
sample, and a correction for this effect has been applied 
to the intensities. In addition, the presence of x-rays 
with the Am**™ decay capable of exciting the americium 
L. and L; shells indicates the observed relative abun- 
dances are merely upper limits. From the intensity of 
the americium L x-rays and on the basis of L conversion 
alone, an upper limit of 6% may be set for a pre- 
dominantly L-converted isomeric transition. Although 
no evidence has been found for the presence of radia- 
tions or conversion electrons of an isomeric transition 
of energy greater than about 30 kev, there is a possibility 
that the isomeric transition is either not energetic 
enough to convert in the LZ shell of americium or pro- 
duces extremely low-energy L conversion electrons. In 
such a case the upper limit of 6% for the isomeric 
transition does not hold. 

The conversion electron and beta spectra of these 
isomers were studied by use of a double-focusing v2 
magnetic beta-ray spectrometer. The energies and rela- 
tive intensities of the electron lines of Am*™ are listed 
in Table II. The absolute uncertainty on the electron 
energies is +1.5 kev. The present interpretation of these 
conversion electron lines indicates they arise from the 
L-shell conversion of two gamma rays. The two most 
abundant lines were assigned to the Z conversion of a 
41-kev gamma ray in Cm™, The 43-kev gamma ray 
is thought to be present in the electron capture branch 
of the decay to Pu*® giving rise in part to the observed 
L x-rays of plutonium. The conversion electron in- 
tensities yield a ratio of curium to plutonium L shell 
vacancies of 2.5. It should be noted that these intensities 
are subject to uncertainties in resolution, scattered 
electron background, and an unknown contribution 
from ZL Auger electrons. The L2/Z; conversion ratios 
are 1.4+0.4 for each gamma ray. Since £1 and most 
magnetic radiations are expected to exhibit marked LZ, 
conversion,” the radiation is most likely electric quad- 
rupole or higher multipole electric radiation. The 
assignment of E2 both transitions is 
consistent with the theoretical calculations of Gellman 
et al." and the regularities noted among first excited 
states of even-even nuclei.” 

Two gamma rays of 42.3- and 44.8-kev energy were 
barely discernible with the bent crystal spectrometer. 
Their energy difference compares favorably with a 
2.3-kev difference from conversion electron data. Ex- 
periments performed by Church give energies of 42.2 
+0.3 and 44.6+0.3 kev, respectively, for the gamma 
rays following Am*“™ beta and electron capture decay.’ 
These energies agree well with those from bent crystal 
spectrometer measurements and are considered to be 
the best values. The absence of conversion electron lines 


character to 


” FE. L. Church and J. E. Monahan, Phys. Rev. 98, 718 (1955). 

" Gellman, Griffith, and Stanley, Phys. Rev. 85, 944 (1952). 

2G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953); F. Asaro 
and I. Perlman, Phys. Rev. 87, 393 (1952) 
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Taste II. Electron energies and intensities for Am*™*. 








Intensities 
(arbitrary 
units) 
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Gamma Electron 
energy 


(kev) 


41.0 


Conversion shell 


Cm Ly 

Cm Lin 

Cm My 

Cm My or Mry/ 
Cm N (Pu M?) 





43.3 Pu Li 


Pu Lin 


Cm Auger ~16.5 L:MM, L:MN, L:NN 


electrons 


of any other gamma ray is consistent with the low 
intensity of the isomeric transition but does not preclude 
an isomeric transition of extremely low energy. 

The beta spectrum of each isomer was determined 
with separate samples. Results agreed with previous 
determinations,’ the beta end point of Am*”* occurring 
at 620+ 10 kev while that of Am™ was a 585+ 10 kev. 
No conversion electron lines were observed in the beta 
spectrum of the long-lived Am™ sample which could 
not reasonably be ascribed to the 60 and 43 kev transi- 
tions in the decay of Am™, Beta-L x-ray coincidence 
measurements were performed on both isomers using 
an anthracene crystal for detecting beta particles and a 
thallium-activated sodium iodide crystal with a beryl- 
lium window for observing L x-rays. The L x-rays due 
to the alpha decay of Cm* which has a branching 
ratio of 26.3% to the first-excited level of Pu™* were 
used as a standard in determining the branching ratios 
of the Am* isomer beta decay. A comparison of an 
Am?" sample with the Cm* standard gave a branching 
ratio of 51+5°% to the first-excited state of Cm in 
the beta decay of Am™™, after suitable corrections 
were made for differences in fluorescence yield and 
absorption of 1 x-rays. From a similar measurement on 
Am, a branching ratio of 45+10% was calculated. 
The remainder of the beta transitions, in each case, 
proceed to the ground state of Cm. Thus the beta 
spectrum of each isomer should consist of two com- 
ponents differing by approximately 43 kev in energy. 
These components were not resolved experimentally. 
If it is assumed that the measured beta particle energies 
are the respective ground-state transitions, the separa- 
tion between the two Am isomers is approximately 
35 kev. However, in view of the uncertainties in the 
beta spectrum end points and the inability to resolve 
each spectrum into its components, the energy spacing 
between the Am isomers is rather uncertain. 

The branching ratio 8-/EC =4.2 for Am™™ has been 
reported from an analysis of products from a long 
neutron irradiation of Am™'." The ratio of curium to 
plutonium JL shell vacancies has been determined by 
two experimental methods, L x-ray (3.6) and conversion 


~ 8G. H. Higgins and S. G. Thompson, February, 1953 (unpub- 
lished). 
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Fic. 2. Decay scheme for the isomers of Am*™” 


electron (2.5) intensities. These data may be used in 


conjunction with the experimemally known ratio of 
beta decay of Am™™ to the ground and first-excited 
states of Cm* and the experimental 8 to electron 
capture branching ratio to calculate an electron capture 
branching ratio to the ground and first-excited states 
of Pu**. Using L x-ray intensity data, the electron 
capture branching of Am*™ to the first-excited state 
of Pu*® is 60%, while if the conversion electron intensity 
data are used, the branching decay to the first excited 
level of Pu™ is 87%. The lower value, 60°7, is thought 
to be more accurate in that the electron capture branch 
of the Am*’™ decay is expected to be very similar to 
the 8~ branch since the energy levels of the daughter 
and Cm 
beta decay and electron capture 


® are similar and the energies for 


} . 1 
closed dec ay cy¢ les ‘ 


nuclei, Pu™ 


are nearly equal. 

The K electron capture branching of Am* 
detected with the scintillation spectrometer by ob 
serving plutonium K x-ray radiations in a sample of 


americium 241, 242, and 243 from which the Np” had 
3 


was 


been removed chemically. (The product of Am™ alpha 
decay, Np™, has prominent plutonium K x-rays associ- 
ated with it.) It was also necessary to employ a silver 
absorber to decrease the intensity of the 60-kev gamma 
ray of Am™. Making suitable correction for absorption, 
escape peak, and the presence of a 75-kev gamma ray 
of Am™, the ratio of K x-rays to 60-kev gamma was 
calculated. Combining this information with the known 
to K 
electron capture of approximately 9 was calculated 
for Am*® 


mass composition of the sample, a ratio of 8 


Ill. DECAY SCHEME 


The decay scheme of the Am* isomers is shown in 
Fig. 2 


and Cm*" compare favorably with those of other even 


The energies of the first-excited levels of. Pu™ 


even nuclei of plutonium and curium In addition, 


“ Glass, Thompson, and Seaborg, J. Inorg. Chem. Nuc. Che 
1 3 (1955 

'* Hollander 
$69 (1953 


Perlman, and Seaborg, Revs. Modern Phys. 25 
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the complex alpha structure of Cf* shows an energy 
spacing of 42.7 kev for the first-excited level of Cm*” 
which is in excellent agreement with the value deter- 
mined here.'* If one uses the measured beta energy and 
branching ratio, the logft for both beta transitions of 
Am is 6.9. Similarly, the logft for electron capture 
to both levels of Pu is 7.3 as calculated from equations 
for allowed f"’ using energies derived from closed decay 
cycle calculations.“ These logft values indicate first 
forbidden transitions, AJ=0, 1 yes, for both beta and 
electron capture decay. The long-lived Am* has a 
log ft of 11.6 for beta decay to both levels of Cm. 
Although the percentage of electron capture decay to 
the ground and first-excited state of Pu’ is unknown 
for this isomer, a logft of 12.3 for K electron capture 
may be calculated if one assumes approximately equal 
population of these two levels. These rather large 
logft values for Am*” may indicate second forbidden 
transitions. 

The spins of the two Am* isomers are still undeter- 
mined. Since Am*°™ decays to both the ground and 
first-excited states of its daughters with approximately 
equal probability as evidenced by the fi values, a spin 
of unity with odd parity would be consistent with the 
first forbidden beta and electron capture decay. There 
are fewer data available on the decay of the long-lived 
Am*™, Since the beta decay of this isomer also appar- 
ently populates the ground and first-excited states of 
Cm* with equal probability, a relatively low spin is 
indicated. The absence of an appreciable isomeric 
transition may be explained either by a very long half- 
life due to a large spin difference between isomers or by 
a very small energy difference between isomers, which 
would make the isomeric transition difficult to detect. 
At present the problem of spin and parity assignments 
must be left unresolved. Perhaps the most useful in- 
formation for solving this problem would be a further 
study of the decay characteristics of the long-lived Am™. 
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The radiations of Sc? have been examined with a scintillation spectrometer and with an intermediate 
image spectrometer operated in conjunction with a scintillation spectrometer for coincidence spectra. Two 
beta groups were observed with maximum energy values of 0.596+-0.010 Mev and 0.430+0.005 Mev and 
relative intensities of 36% and 64%, respectively. The log ft values of the beta groups were found to be 6.0 
and 5.3, respectively. One gamma ray was observed having an energy of 0.167+0.002 Mev. The coincidence 
beta spectrum contained only the lower energy group. The decay scheme for Sc is discussed. 


INTRODUCTION 


HE radiations of Sc‘? have been examined with a 
scintillation spectrometer and with an intermedi- 
ate-image spectrometer! operated in conjunction with a 
scintillation spectrometer for gamma-beta coincidence 
data. 

During the course of this investigation other re- 
ports** have been published concerning the decay 
scheme of Sc*?. Cheng and Pool,’ using a magnetic lens 
spectrometer, found two beta groups with maximum 
energies of 0.622+0.005 Mev and 0.435+0.008 Mev 
and using scintillation spectrometer measurements re- 
ported a 0.185+0.007 Mev gamma ray. The internal 
conversion line appeared in the beta spectrum at 183 
kev. From coincidence absorption measurements they 
established that the 0.435-Mev beta group is followed 
by the 0.185-Mev gamma ray. Cork ef a/.* measured the 
radiations from Sc‘ as they appeared in a Ca‘ source. 
They reported one beta group with a maximum energy 
of 0.64+0.03 Mev which was in coincidence with a 
159.5-kev gamma ray. Marquez,‘ using a magnetic lens 
spectrometer, reported two beta groups and one internal 
conversion line, but obtained energy values of 0.490 
+0.005 Mev, 0.280+0.003 Mev, and 0.218+-0.010 Mev, 
respectively. Marquez did not make coincidence meas- 
urements. The results of these three investigations are 
shown in Fig. 1. 
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Fic. 1. Proposed decay schemes of other investigators. (a) Cheng 
and Pool.? (b) Cork ef al.* (c) Marquez.‘ 


+ Contribubtion No. 408. Work was performed in the Ames 
Laboratory of the Atomic Energy Commission. 

! Nichols, Pohm, Talboy, and Jensen, Rev. Sci. Instr. 26, 580 
(1955). 

*L. S. Cheng and M. L. Pool, Phys. Rev. 90, 886 (1953). 

* Cork, LeBlanc, Brice, and Nester, Phys. Rev. 92, 367 (1953). 

*L. Marquez, Phys. Rev. 92, 1511 (1953). 


Our results are in qualitative agreement with the 
decay schemes of Cheng and Pool? and Marquez,‘ but 
disagree appreciably with the energy values of the 
component radiations, particularly with those of 
Marquez. 


PROCEDURE AND RESULTS 


Sources were prepared from the Sc fraction obtained 
after irradiating ordinary titanium tetrachloride in the 
x-ray beam of the Iowa State College synchrotron. A 
charge-discriminating baffle was used to eliminate the 
positrons from the Sc* activity. The defining baffle of 
the spectrometer was set for maximum transmission. 
The resolution at this setting was 6%. 

The upper end of the beta spectrum was slightly 
above the background level, thus indicating the pres- 
ence of a high-energy beta group of longer half-life. The 
counting rate of this activity was very low compared to 
that of the 3.43-day Sc*’ activity. 

The total beta spectrum of Sc’ is shown in Fig. 2. 
The deviation from the theoretical spectral shape on 
the low-energy side is attributed to the source thickness 
(~58 mg/cm’). The beta groups were separated by the 
Kurie plots as shown by the circles in Fig. 3. The points 
on the upper end gave some indication of a weak con- 
version line, evidently from a contaminant, so they 
were not used in evaluating the Kurie line. Maximum 
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Fic. 2. Total beta spectrum of Sc’. N represents counts per min 
and I is the current in amp. 
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Fic. 3. Kurie plots of Sc”. Nr represents the counting rate in 
counts per min from the total spectrum and N, the coincidence 
counting rate in counts per min 


energy values of 0.596+0.010 Mev and 0.430+0.010 
Mev were obtained from least squares calculations. The 
high error assignment for the lower-energy group was 
given because of the uncertainty in the Kurie subtrac- 
tion. Relative intensities of the beta groups were meas- 
ured from the spectral areas with the curves extended 
to zero energy by calculation from the corresponding 
Kurie lines. The percentages of the activity in the 
lower-energy group and in the higher-energy group were 
thus estimated as 64% and 36%, respectively, From this 
branching ratio the log ft values for these beta groups 
were calculated as 5.3 and 6.0, respectively. There was 
no indication of an internal conversion line in the 
spectral data 

The beta spectrum in coincidence with the single 
observed gamma ray was also obtained and is shown in 
Fig. 4. The Kurie plot of the coincidence spectra is 
shown by the crosses in Fig. 3. The higher-energy beta 
group is absent from this spectrum and the maximum 
energy value for this beta group is 0.430+0.005 Mev. 

Ihe energy of the single gamma ray from Sc*’ was 
measured with a scintillation spectrometer. From a 
spectrum obtained with a single-channel pulse-height 
analyzer a gamma-ray energy value of 167 kev was 
obtained. Subsequent determinations of the gamma 
energy were made from photographs of the scintillation 
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Fio. 4. Coincidence beta spectrum of Sc. 


Fic. 5. Calibration curve for scintillation spectrometer and the 
Sc" gamma-ray energy determination. 


pulse-height distribution with a pulse stretcher added 
to the scintillation circuit. Photographs were made of 
the pulse heights with Sc‘? and calibration-source 
gamma rays producing scintillations simultaneously. 
This was done to check against the possible shift of 
pulse height with a change of source. Values from four 
independent measurements ranged from 165 kev to 
169 kev with the resulting mean value of 167 kev for the 
Sc? gamma energy. One calibration curve used in 
determining the energy of the gamma ray is shown in 
Fig. 5. 
DISCUSSION 

Although the source of Sc’ was very thick the straight 
line obtained for the lower-energy group indicated a 
sufficient interval of reliable data for the energy meas- 
urements. The low counting rate and the lack of suffi- 
cient points on the upper portion of the Kurie plot made 
the interpretation of the hump at the upper end un- 
certain. The shape of the hump suggested the presence 
of a weak conversion line from a contaminant activity, 
so these points were disregarded. The success of this 
procedure, in giving a subtracted Kurie line that agrees 
so very well with that of the coincidence spectrum and 
a gamma-ray energy that agrees very well with the 
resulting difference of beta group energies, is considered 
as good evidence for its validity. The value of 167 kev 
obtained for the gamma-ray energy was questioned at 
first because of the value of 185 kev obtained by Cheng 
and Pool.? The agreement of the values obtained by the 
photographic method apparently confirms this 167-kev 
value. 

The proposed decay scheme for Sc*’ is shown in Fig. 
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Fic. 6. Proposed decay 
scheme for Sc. 

















DECAY SCHEME OF Sc*? 


6. Klinkenberg’s table of nuclear shell structure® was 
used for orbital assignments for the ground states of the 
two nuclides. Ti*’ is predicted to have a fr. ground 
state and Sc*’ is given the fz. assignment since it is 
expected to have the same configuration as Sc*. This 
predicts an allowed beta transition to the ground state 
of Ti’ and perhaps is not inconsistent with the log ft 
value of 6.0. The log ft value of 5.3 for the lower-energy 
beta group indicates that it is an allowed transition. 
This leads to an assignment of fz for the 167-kev state 


5 Pp. F. A. Klinkenberg. Revs. Modern Phys. 24, 63 (1952). 
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in Ti’, The gamma transition would then be magnetic 
dipole which has a theoretical A-shell conversion 
coefficient of about 4X 10~*. This would partially indi- 
cate the reason for the absence of a detectable conversion 
line in the beta spectrum. A thinner source might reveal 
such a conversion line.* 

The authors wish to express their appreciation to 
Mr. J. Powers for performing the chemical separations. 

* Note added in proof.—While this article was in press Lyon 
and Kahn [Phys. Rev. 99, 728 (1955)] published their results on 


the decay of Sc*’. Their results are in general agreement with 
those presented in this article, 
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The Nal scintillation spectroscopy of the proton groups from the inelastic scattering of 19-Mev protons 
by O" yielded levels in O'* at 6.14, 7.02, 8.87, 9.85, 10.34, 11.08, 11.51, 12.02, 12.53, 13.06, and possibly 
13.39 Mev, with an error of +30 kev. The levels at 8.87 and 11.08 Mev are probably 2~ in character and 
are found to decay by y rays cascading through the states at 6 and 7 Mev. The relatively weakly excited level 
at 12.02 Mev is probably accompanied by y-ray emission. Differential cross sections for most inelastic 


groups are also given. 


I. INTRODUCTION 


HE recent experiment of Bittner and Moffat' has 

considerably increased the number of levels in 
O'* below 14 Mev of excitation for which reliable energy 
and character assignments can be made.’ The resulting 
relatively complete level structure has been compared 
by Dennison to the predictions of the a-particle model.’ 
Some degree of correspondence was noted. However, 
the question of the existence of the predicted 2* doub- 
lets, which has heretofore been the subject of a number 
of unsuccessful experiments,‘ remained unanswered. 
The a-particle scattering by C™ used by Bittner and 
Moffat could reach only even-parity even-spin or odd- 
parity odd-spin states in O'* and could therefore not 
excite the 2~ components of the doublets. In the in- 
elastic scattering of protons by O"* there are no a priori 
restrictions of this kind. 


Il, PROTON GROUPS 


An external beam of 19-Mev protons from the 
Princeton FM cyclotron was used to bombard various 
oxygen-containing targets. The 60-inch scattering cham- 
ber, previously described,’ was used in these experi- 


t This work was supported by the U. S. Atomic Energy Com- 
mission and the Higgins Scientific Trust Fund. 

! J. W. Bittner and R. D. Moffat, Phys. Rev. 96, 374 (1954). 

*F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955). 

*D. M. Dennison, Phys. Rev. 96, 378 (1954). 

* Peterson, Fowler, and Lauritsen, Phys. Rev. 96, 1250 (1954). 

5J. L. Yntema and M. G. White, Phys. Rev. 95, 1226 (1954). 


ments. Although the cyclotron beam energy spread is 
of the order of a 100-200 kev, the mean energy was 
regulated to +10 kev by the use of a “proton range to 
cyclotron magnet” feedback system.* A carefully stabi- 
lized scintillation pulse height spectrometer using a 
thin Nal(TI) crystal was used to detect the scattered 
protons. The resolution for 19-Mev protons was ap- 
proximately 2.5%, full width at half-maximum. 

The spectrometer was calibrated for linearity by 
observations on p-p scattering at various angles. In 
these runs the target consisted of a thin polystyrene 
film (2.0-mg/cm* Al equivalent for 19-Mev protons) 
mounted together with a thin Pt metal foil (2.7-mg/ 
cm’ Al equivalent). At each scattering angle the ratio of 
the pulse heights observed for the protons elastically 
scattered from H and from Pt were compared with 
calculated values.’ Except for relatively small correc- 
tions such as for energy loss in the target and scintilla- 
tion crystal foil covers, this comparison is independent 
of the absolute beam energy and may be used as a 
measure of the system linearity. 

The results of these measurements are shown in Fig. 
1. Here f is a correction factor by which the observed 
energy must be multiplied to give the true energy. 
This curve has been arbitrarily normalized to unity at 
18.60 Mev. The observed energy is obtained by assum- 
ing proportionality between pulse amplitude and en- 

* G. Schrank, Rev. Sci. Instr. 26, 677 (1955). 


’ Corrections for nonintegral mass values and relativistic effects 
were made. 
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Fic. 1. Energy calibration curve for the NaI (T1) +6291 Dumont 
photomultiplier response to protons 4-19 Mev. Multiplier high 
voltage was 750 volts with shield connected to first dynode; the 
Nal(T!) crystal was approximately 5 mm thick. 


ergy where the constant of proportionality is determined 
by the elastic Pt line. The latter was measured coin- 
cidently with the other proton groups and since its 
energy varies only slightly around 18.60 Mev over the 
that 1 for this 


line. (The use of this Pt group has the added advantage 


entire angular range, it was assumed 


of eliminating changes in gain with angle, through 
either counting rate or stray magnetic field effects. 


The entire nonlinearity was found to reside in the 


Nal (TI 


not made tests to determine which of these two compo 


crystal-photomultiplier tube response ; we have 


nents is responsible for this effect 

[he absolute beam energy calibration was determined 
by the aluminum equivalent of the proton range to 
which the cyclotron was stabilized. The mean range of 
the average-energy proton entering the regulator was 
Bichsel 
precision range-energy determinations,’ this corresponds 
to an energy of 18.88 Mev 


for the 


515 mg/cm? Al. From and Mozley’s recent 


toth as a control cellulose acetate target 


(which contains O, H and C) and to obtain an additional 


check on the spectrometer and cyclotron energy calibra 
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Fic. 2. C™(p,p’)C®* reaction at 19 Mev. Detector collimation 


was 0.73° half-angle, polystyrene and Pt target. The statistics are 
indicated by the scatter of the points. The inelastic protons from 
Pt are indicated by the dashed line 


* H. Bichsel and R. F. Moaley (to be published 
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tion, the scattered proton spectrum for a polystyrene 
(H and C only) target was obtained. A composite 
target of 2-mil polystyrene and 0.1-mil Pt foils gave the 
results shown in Fig. 2 Groups A and B correspond to 
the elastic scattering from Pt and C, respectively, while 
groups C, D, and E correspond to excitation energies of 
4.45, 7.66 and 9.64 Mev (all +30 kev) respectively and 
are therefore the first three excited states in C*. The 
Pt foil gives only a relatively weak unresolved con- 
tinuum of inelastic protons which is indicated in Fig. 2 
by dashed line. No attempt was made to assign the 
groups having energy less than group £; the increase in 
counting rate at low pulse amplitude is partly due to 
y-ray background. 

Observations on the O'*(p,p’)O'™ reaction were made 
using cellulose acetate, PbO», and U;Os targets. In the 
latter cases, the targets were made by drying a slurry of 
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PULS MEIGHT 
Fic. 3. O'*(p,p’)O"** reaction at 19 Mev, UsOs target. The three 
curves have been arbitrarily displaced for clarity. The elastic lines 


ire not shown 


powder and distilled water on 0.1-mil Pt. Some typical 
runs for U,Ox are shown in Fig. 3; the elastic lines have 
been omitted. The excitation values derived from 
several such spectra at various angles are summarized 
in Fig. 4. In addition to the average values, indicated 
by the dotted lines, the location of the levels with 
widths less than 500 kev previously found are indicated 
by short leaders on the energy scales. Group A gives an 
energy excitation of 6.14+0.02 Mev and appears to be 
mostly the excitation of the 3- Jevel at 6.14 Mev in O**. 
The group B corresponds to an energy of 7.02+0.02 
Mev in O'* and appears to be the 6.91 and 7.12-Mev 
states unresolved. Groups I to [X correspond to levels 
in O'* at 8.87, 9.85, 10.34, 11.08, 11.51, 12.02, 12.53, 
13.06, and 13.39 respectively, all +30 kev. The last 
group, group IX, may be spurious. 

The foregoing excitation energies for C and O involve 
an assumed correction of +70 kev to the energy of the 
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incident protons. This correction was made because 
the uncorrected values for C(4.43 and 9.61) and 
O(9.84 and 10.36) were consistently high. A correction 
of this magnitude to the incident energy is within the 
uncertainty in its determination. 

The O'* groups were observed at 10 angles between 
40° and 160° in the laboratory system. Figure 5 shows 
the resulting differential cross sections, including elastic 
scattering. Table I gives the total integrated cross 
sections. 

Ill. GAMMA RAYS 


The y-ray scintillation spectrum of a cellulose ace- 
tate target, observed in a NaI(T1) crystal 2 in. high and 

# in. in diameter, is shown in Fig. 6. The 4.43-Mev 
y ray from C”* was used as an energy calibration and 
checked against a Na™ source. In addition to the ex- 
pected 6- and 7-Mev y rays from O'™, three lines ap- 
pear at lower energy which can be interpreted as the 
full energy, one and two escape annihilation peaks of a 
single y ray of energy 2.782-0.04 Mev. A check with a 
polystyrene target showed the y ray to be in O'™, while 
a two-crystal pair spectrometer spectrum showed the 
above interpretation of the peaks to be correct. 


IV. PROTON-GAMMA RAY COINCIDENCES 


Experiments to study p-y coincidences between the 
various inelastic proton groups and possible subsequent 
y radiation were made with a 30-musec resolving time 
coincidence apparatus. The scintillation detectors were 
Nal(Tl), used as previously to obtain pulse-height 
information. 

The Princeton FM cyclotron has an effective duty 
cycle of 2 to 3% with, however, a superimposed fine 
structure of 10~* sec repeated every 5 10~* sec due to 
the beam bunching on acceleration. The existence of 


this fine structure was successfully demonstrated with 
the coincidence circuit used (with the resolving time 
reduced to 15 musec). 

The combination of a comparatively poor duty cycle, 
the slow scintillation phosphor decay time, and the 
desire to obtain constant coincidence efficiency over a 
substantial range of pulse heights required the design 
of a special coincidence circuit. The basic circuit 
arrangement follows that outlined by Bell, Graham, 
and Petch.® The main coincidence tubes, however, were 
EFP 60 secondary emission types operated as trigger 
tubes, continuously passing an anode current of 15 ma 
in the quiescent state to achieve high sensitivity.” The 
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Fic. 5. Differential cross sections as a function of laboratory 
angle for O'*(p,p’) at 19 Mev. The spin and parity of the levels in 
O** are given in parentheses where known. The smooth curves are 
drawn primarily to connect points; the estimated probable errors 
are shown. 


* Bell, Graham, and Petch, Can. J. Phys. 30, 35 (1952). 

” Moody, McLusky, and Deighton, Electronic Eng. 24, 214 
(1952). Also I. A. D. Lewis and F. H. Wells, Millimicrosecond Pulse 
Techniques (Pergamon Press, London, 1954). 
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trigger sensitivity obtained was approximately 0.1 volt 
with a triggered anode current pulse of 0.3 amp having a 
5-mysec The terminated RG 114 U’ shorted- 
line pulse shaper thus presented 30-volt singles pulses to 


idence 


rise time 


the coin diode rather than the usual fraction of 
a volt 

Because of the fine structure of the cyclotron beam, a 
reduction of the coincidence resolving time below 30 to 
50 myusec does not reduce the accidental coincidence rate 
significantly, unless the resolving time is made short 
compared to 10 myusec. A resolving time of 30 muysec 
gave substantially constant coincidence efficiency over 
a range of a factor of 5 in pulse height on either input, 
with no readjustment of the length of the signal cables, 
when the photomultiplier tubes gave average pulses of 
30 volts. By way of calibration and control for the car- 
bon present in the cellulose acetate targets used to 
study the O'*(p,p’)O'™ (y 
spectrum was run on C"(p,p')C"*(y) with a polystrene 
target. The proton detector was at 150° and the y-ray 
detector at 90°, relative to the incident beam direction. 


reaction, the coincidence 


Accepting all y scintillation events of more than 1 Mev 
gave the coincidence proton spectrum shown in Fig. 7. 
the proton group leading to the first excited 
at 4.43 Mev shows conspit uous p-7+ 


The accidental rate was determined from the 


Only 


state in C coin- 


cMences 


number of coincidence events falling in the elastic line 


It ould be noted that cable length displacement 
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methods usually used for determining the accidental 
rate could not be used here because of the beam fine 
structure and its possible modulation envelope. 

A similar run with a cellulose acetate target gave the 
coincidence proton spectru:n shown in Fig. 8. In addi- 
tion to the groups corresponding to the C™ 4.43-Mev 
and the O'* 6- and 7-Mev states, conspicuous p-y 
coincidences appear for groups I, IV, and VII in O"*. 

The y-ray spectra corresponding to these proton 
groups was investigated with the results shown in Fig. 9. 
The 20-channel discriminator recorded the coincident 
gamma-ray spectrum when gated by a single channel 
discriminator used to select different groups of protons. 
When the inelastic proton groups leading to the 4.43- 
Mev state in C” and the 7-Mev states in O"* were used 
as gate signals, the y spectra appeared as expected to 
consist of single 4.4- and 7.0-Mev lines, within the reso- 
lution of the apparatus (Fig. 9). For counting rate 
reasons the resolution was unavoidably set low so as 
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COINCIDENCES COUNTS 


PULSE HEIGHT 

Fic. 7. The coincidence spectrum of protons from C"(p,p’)C®* 

(y)C™, using a polystyrene target and accepting all y-scintillation 
events >1 Mev 


to encompass as much of the y-ray spectrum as possible 
with the available 20 channels. 

The y-ray spectra accompanying the proton groups 
I and IV are seen to be complex and to consist of ener- 
gies below about 7 Mev. The group VII protons have 
coincidence y rays of energy approximately that of the 
4.43-Mev y ray from C™*. 


V. DISCUSSION OF RESULTS 


The highest energy inelastic group observed for O'* 
(group A of Figs. 3 and 4 and Table I) yields an excita- 
tion energy of 6.14+0.02 Mev averaged over all 
scattering angles and suggests that the excitation of the 
0+ level at 6.06 Mev is no more than 10%, as probable 
as the excitation of the 3~ level at 6.14 Mev. On the 
other hand group B corresponds to a level energy of 
7.02+0.02 Mev and is presumably an unresolved mix- 
ture of the 2+ level at 6.91 Mev and the 1~ level at 
7.12 Mev with approximately equal intensities. 

Groups II, III, V, and VII correspond to level 
energies that are within 20 kev of those previously 
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Fic. 8. The coincidence spectrum of protons from a 0.01-inch 
cellulose acetate target, accepting all y-scintillation events >1 
Mev. The arrows indicate the proper location of the various O"* 
inelastic groups leading to leve! excitations greater than 7 Mev. 
Only groups I, IV, and VII show prominent p-y coincidences. 


reported in the literature. Within this energy range all 
but two of the reported narrow levels (which would 
appear as groups with well defined energies in a scintilla- 
tion spectrum) have been seen in this experiment. The 
exceptions are the levels at 6.06 and 12.43 Mev. These 
could, of course, not be resolved from their close 
neighbors, but the observed energies suggest that they 
are at best only weakly excited. Except for group VII 
none of these groups gave conspicuous p-y coincidences. 
The y-ray spectrum associated with group VII is con- 
sistent with the assumption that this y ray is the 4.43- 
Mev y-ray from C*, and would thus agree with the 
observation in the N'*(p,a) reaction involving the same 
level in O'* that the a-particle emission goes mostly to 
the first excited state in C”. Groups IV, VI, and the 
possibly spurious group IX, do not correspond to 
previously reported levels. The elastic protons of 
group I were previously observed in this laboratory by 
Fulbright and Bush" who placed the corresponding level 
at 8.6+0.4 Mev. Toppel, e/ al."* have recently reported 
y rays in the reaction F'*(p,a)O"* which they attribute 
to a level in O"* at 8.87 Mev. 
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Fic. 9. The coincidence spectrum of 7 rays, gated by the various 
proton groups showing strong p-y coincidences in Fig. 8 


" H. Fulbright and R. Bush, Phys. Rev. 74, 1323 (1948) 


2 Toppel, Wilkinson, and Alburger, Phys. Rev. 99, 632(A) 


(1955) 
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Group I gives a level excitation of 8.872-0.03 Mev and 
shows conspicuous p-y coincidences. The coincidence 
y Tay spectrum (Fig. 9) shows y rays of approximately 
2.4- and 6-Mev energy and a less intense 7-Mev y-ray 
(intensity ~ 20%). The lack of any higher energy 
gamma-ray indicates the absence of any direct transi- 
tion to the ground state. The y-ray de-excitation of the 
8.87-Mev level is therefore about 80°% cascade through 
the 3~ level at 6.14 Mev and 20%, cascade through 
either or both levels at 7 Mev. The 2.78-Mev y ray 
observed in the spectrum of Fig. 6 is in all likelihood 
the cascade y ray to the 3> state. 

The strength of the p-y coincidences for group I is 
comparable to the strength of the p-y coincidences for 
the pure y-emitting states at 4.43 Mev in C" and at 6 
and 7 Mev in O'*, thus suggesting of the order of one 
y-ray cascade per inelastic proton. If the level at 8.87 
Mev is to decay by a-particle emission to C™ as well 
as by the observed y-ray cascading, the a-particle 
partial width can be no more than approximately equal 
to the y-ray partial width. In addition the spin and 
parity would have to be 1~, 2+, 3-, 4*, 5-, etc. In the 


Fig. 10. The decay 
scheme for the levels in 
O"* giving strong p-7 
coincidences in inelastic 
excitation. (The 6.91 
and 7.12 Mev levels 
are unresolved in the 
present experiment ) 


most favorable case of 3-, the y ray to the 3~ level at 
6.1 Mev would be M1 with a width ',~0.1 ev, giving 
a reduced a-particle width of 0.01% of the Wigner sum 
rule limit. The other spin assignments all involve con- 
siderably narrower y-ray widths with only a compara- 
tively slight gain from the barrier penetration factor for 
the 4* and high spin states, thus leading to even lower 
reduced widths. While a reduced width of 0.01%, of the 
sum rule limit is not impossible, it is rather improbable. 

Of the pure y-ray emitting assignments 1*, 2~, 3*, 4, 
etc., the 2~ assignment is most consistent with the ob- 
served y-ray cascade branching ratios, with 3* not 
entirely ruled out. Thus, from this experiment, the 
most probable spin and parity assignment for the 8.87 
Mev level is 2~, although this assignment is not unique 
leaving 3* as remote but possible assignments. 

Group IV leads to a level energy of 11.08 Mev, and 
shows strong p-y coincidences involving the 6- and 7- 
Mev states in a cascade decay sequence. Although 
Bittner and Moffat report a possible resonance in 
C"(a,a) scattering giving 11.10 Mev as the O** level 
energy with a width of 10 kev, the present level is un- 
related to it; a 10 kev width would lead to a p-y coin- 
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cidence rate about 10* times smaller than the observed 
rate. Among the pure y-ray emitting level assignments 
again 2~ is most consistent with the observed results, 
although 3* cannot be ruled out. 

In summary, the decay schemes for the levels fed by 
the inelastic proton groups giving strong p-y coinci- 
dences are indicated in Fig. 10. 

There is some indication that the comparatively weak 
group VI leading to a level in O'* at 12.02+0.03 Mev, 
is probably accompanied by y-ray emission (refer to 
Fig. 8 and refer to Fig. 5 for the relative yield at 
Gin» = 150", 
runs 


the angle of observation in the coincidence 


VI. CONCLUSION 


Three levels in O"* which have not been observed in 
the a-C” scattering experiments appear in the inelastic 
scattering of 19-Mev protons by 0'*. The levels at 
8.87- and 11.08-Mev decay by y emission; the charac- 
teristics of the decay suggest that these levels are 2- 
states. The decay of the level at 12.02 Mev is probably 
accompanied by y emission 

The present investigation was undertaken in order 
to locate the negative-parity members of the 2* doub- 
lets predicted by the a-particle model of Dennison.’ 
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The energy splitting is expected to be small with the 
2- level shifted, if at all, to higher energies.*"* Under 
scheme (a) of Dennison* we might have expected to 
find y-emitting levels close to 9.83, 11.51 and 12.95 
Mev; while under scheme (b) the 2~ members are at 
6.9, 9.83, 11.51 and 12.51 Mev. With the obvious 
exception of the 6.9-Mev level, there is no correspond- 
ence in either case with our observed y-emitting states. 
Thus the present results do not lend support to this 
a-particle model. It should be noted that this model 
does not predict isolated 2~ states. If our present as- 
signments to the levels at 8.87 and 11.08 Mev are 
correct and further measurements do not uncover 2+ 
states close to these (there is the uncertain level at 
11.10 Mev'), one must view these levels from the 
standpoint of other nuclear models (see reference 13). 

The authors wish to express their thanks to S. Berko 
of the University of Virginia for his assistance in the 
development oi the coincidence circuit used in this 
experiment, to G. Likely and G. Schrank for the use of 
some of their experimental equipment and to W. Stone 
for his able assistance. This research was stimulated by 
conversations with H. T. Richards and W. A. Fowler 
on the level structure of O"*. 
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A summary of current measurements of total radiation widths as observed in slow neutron resonance 
capture is presented together with the most recent data for a number of resonances in iridium, lutetium, and 


tungsten. 


The general! features of the dependence of radiation width upon atomic weight is discussed in terms of a 


model proposed by Blatt and Weisskopf 


INTRODUCTION 


I’ is possible to study the virtual excited states of 
heavy nuclei near the neutron binding energy by 
means of the measurements of total and scattering 
neutron resonance cross sections. For slow neutrons the 
predominate mode of decay of these virtual states is by 
gamma-ray emission. Analysis of the cross sections for 
the Breit-Wigner resonance parameters yields directly a 
measure of the radiation width or lifetime of the excited 
states for de-excitation by gamma emission, a parameter 
which depends sensitively on the wavefunctions of these 
states. Because of this dependence, significant informa- 


* Research performed under contract with U. S. Atomic Energy 

Commission 
¢ Present 

France 


address: Centre D’Etude Nucléaires de Saclay, 


tion regarding nuclear wave functions should be obtained 
from a comparison of experimental gamma-decay transi- 
tion probabilities with theoretical values calculated on 
the basis of specific models of the nucleus. 

The development and success of the nuclear shell 
model led Weisskopf' to estimate the matrix elements 
for electric and magnetic multipole transitions of a 
single nucleon which moves independently within the 
nucleus. Goldhaber and Sunyar® have examined the 
isomeric transitions for low-lying states in medium and 
heavy nuclides in terms of these estimates. In light 
nuclei Wilkinson* has made comparison with these esti- 
mates for highly excited states. They have found that 

''V. F. Weisskopf, Phys. Rev. 83, 1073 (1951). 


*M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951). 
*D. H. Wilkinson, Phil. Mag. 44, 450 (1953) 





RADIATION WIDTHS IN 
for many of the transitions of definite multipole order 
between states of known character Weisskopf’s formulas 
predict the correct functional dependence on energy and 
nuclear radius as well as the correct order of magnitude 
for the transition rate. Sunyar* has shown, however, 
that for many transitions in nuclei which are inter- 
mediate to closed shells a “cooperative” type of transi- 
tion is involved in which the collective aspects of nuclear 
motion are combined with that of the individual 
particle. 

For emission by highly excited states where the wave 
functions should no longer be single-particle, Blatt and 
Weisskopf* have modified the single-particle formulas to 
take into account the complexity of the emitting state. 
A retardation of the radiative process by a factor 
directly proportional to the level spacing of states which 
can combine with the emitting state by a specified multi- 
pole transition is predicted. Kinsey and Bartholomew* 
have studied the partial radiation widths for just such 
states which are excited by slow neutron capture and 
have interpreted their results in terms of these modified 
equations. They have concluded that the predicted 
retardation is accounted for in the elements they have 
been able to study over a wide range of level spacings, 
although the absolute rates of emission are an order of 
magnitude lower than calculated. 

A number of attempts’ have been made to combine 
these estimates of the transition probabilities with a 
statistical model of nuclear level spacing to evaluate* the 
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Tota! neutron cross section of elemental iridium in the 
vicinity of the 0.654-ev resonance 


*A. W. Sunyar, Phys. Rev. 98, 653 (1955 

‘J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Pirysics 
(John Wiley and Sons, Inc., New York, 1952), Chap. XII 

*B. B. Kinsey and G. A. Bartholomew, Phys. Rev. 93, 1260 
(1954). 

7C. L. Critchfield (unpublished); B. B. Kinsey, in Bela and 
Gamma Ray Spectroscopy, edited by Kai Siegbahn (Interscience 
Publishers Inc., New York, 1955), Chap. XXV; J. S. Levin and 
D. J. Hughes, Phys. Rev. 98, 1161 (1955); see also J. S. Levin, 
thesis, Cornell University, 1955 (unpublished). 

*See Blatt and Weisskopf, reference 5, p. 649, Eq. (7.23) 
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Fic. 2. Total neutron cross section of elemental iridium in the 
vicinity of the 1.303-ev resonance. 


total radiation width to be observed from a highly ex- 
cited state emitting a multiplicity of gamma rays to 
lower lying states. Total radiation widths, however, 
have been known for some time to be remarkably con- 
stant in the region of heavy nuclei. It is only when 
precise measurements have been made that such calcu- 
lations can be compared with experiment with confi- 
dence. It has been the program of the BNL crystal 
spectrometer group to accumulate as many such meas- 
urements as possible to a precision which will permit 
significant variations to be observed. In this paper are 
presented our latest measurements as well as those 
values which are currently known to an accuracy of 
approximately 15 percent or better. 


MEASUREMENTS 


The details of total cross-section measurements with 
the BNL crystal spectrometer have been published’ 
previously. The total cross section for iridium has been 
remeasured with our best resolution up to 10 ev and 
previously up to ~30 ev with poorer resolution. Four 
metallic iridium foiis of approximately 0.001 inch thick- 
ness were used separately or together depending on the 
cross-section to be measured. The results for the 0.654, 
1.303, and 5.36 ev resonances are shown in Fig. 1, Fig. 2, 
and Fig. 3 respectively. Previous measurements on 
iridium were made by Sturm,” Rainwater et al.," Sawyer 
et al.," and Christensen.” Activation measurements on 
these three resonances were also made in order to assign 
the resonances isotopically. The 0.654-ev and 5.36-ev 
resonances are most probably in Ir™ since no 19-hr 
activity was found after irradiation in the monochro- 


4 L. B. Borst and V. L. Sailor, Rev. Sci. Instr. 24, 141 (1953) 

” W. J. Sturm, Phys. Rev. 71, 757 (1947) 

“ Rainwater, Havens, Wu, and Dunning, Phys. Rev. 71, 65 
(1947). 

Sawyer, Wollan, Bernstein, and Peterson, Phys. Rev..72, 109 
(1947) 

“RK. L. Christensen and V. L. Sailor (unpublished) 
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Total neutron cross-section of elemental iridium in the 
vicinity of the 5.36- and 6.1-ev resonances 
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matic diffracted beam of the spectrometer. The assign- 
ment of the 1.303-ev resonance to Ir by Goldhaber 
ef al.“ has been confirmed. In addition to these reso- 
nances others were observed at 6.1, 9.03, and 9.9 ev with 
one or more being grouped at 19.5, 25.5, and 31 ev.” No 
attempt at the assignment of these resonances was 
made. 

Two resonances in lutetium were rerun’ using a 
special thick sample’* of 20 g of Lu,O, in dry powder 
form. The resulting cross-section curves for these and an 
additional resonance in tungsten have not been shown 
but will be submitted as data to be included in the next 
supplement to the neutron cross section compilation."” 
The statistical accuracy of the data is comparable to 
that shown for iridium. The 4.14-ev resonance’ in W'™ 
was run using metallic samples of the element ranging 
from 0.010 inch to 0.150 inch in thickness 


ANALYSIS AND RESULTS 


rhe analysis of measured total cross-section data for 
single-level resonance parameters to the precision re- 
quired for this study requires careful consideration of 
the role of Doppler and resolution effects. Previous dis- 
cussion of the methods for treatment of these effects has 


Tass I. The single-level resonance parameters for three levels 
in iridium. The tabulated quantity, #o, is not corrected for isotopic 
abundance. The quantity, gI’,, is corrected for isotopic abundance 
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“ Goldhaber, Yalow, Barbre, Lowry, and Sunyar, Brookhaven 
National Laboratory Report BNL-C-9, 96, 1949 (unpublished 

“ Foote, Landon, and Sailor, Phys. Rev. 92, 656 (1953 

We are indebted to Dr. F. H. Spedding of the Ames Labora 
tory for the loan of this sample 

"D. J. Hughes and J. A. Harvey, Neuiron Cross Sections, 
Brookhaven National Laboratory Report BNL-325. (Super 
intendent of Documents, U. S. Government Printing Office 
Washington, D. C., 1955 

" W. Selove, Phys. Rev. $4, 869 (1951 


been published.” Whenever possible we have chosen to 
apply shape analysis” to cross-section data, con- 
sidering these methods to be the most likely to yield 
precision. When combined with area methods, in the 
best cases it is possible to achieve three essentially inde- 
pendent determinations of the total width parameter I’. 
We have chosen to measure only those cases for which 
independent determinations are possible. For the present 
this means below approximately 10 ev. The limits of 
error quoted take into consideration the self-consistency 
of such independent determinations. 

The radiation width parameter [, is determined 
directly from the total width T by assuming the sta- 
tistical weight factor g=4 in those cases in which it has 
not been determined. In no case does this lead to an 
error which is significant compared to the quoted errors. 

The parameters which have resulted from the analysis 
of iridium, lutetium, and tungsten are quoted in 
Tables I, I, and III respectively. The parameters for 
the 5.36-ev resonance in iridium are somewhat less 
certain due to the lack of suitable measurements in the 


TABLE II. The single-level resonance parameters for three levels 
in lutetium. The tabulated quantity, oo, is not corrected for 
isotopic abundance. The quantity, ¢f,, is corrected for isotopic 
abundance 


1.574+0.006 


0.143+0.001 2.604+0.010 
35947 1970+40 207 +20 
0.061+0.002 0.059+0.001 0.055+0.005 
46X10~ (4.5+0.1) X10 (2.6+0.3) 10~ * 
(6.9+0.7)X 10-* » 
0.055+0.005 
11.2+0.2 
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0.061+0.002 0.0502-0.001 
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far wings of this resonance. A thicker sample than was 
available is required before these results can be im- 
proved. The Doppler effect is very large in the wings of 
this resonance and extremely careful measurements will 
be required. 

The 1.57-ev resonance in lutetium is also a resonance 
for which analysis is difficult. The resonance is very 
weak and careful measurements with a very thick 
sample are needed in the wings before one can place 
confidence in results to a precision greater than quoted 
here. 

The parameters for the 0.143-ev resonance have been 
obtained by a reanalysis of the data reported in refer- 
ence 15. The resonance at 2.60 ev has been assigned to 
Lu'”* on the basis of activation measurements and 
measured assymmetry in the resonance. It is only if it is 
in this rare isotope that it will show the typical inter- 
ference shape of a strong resonance. There are therefore, 
two different radiation widths in Lu'”* corresponding, 
most likely, to the two possible spin states.” 


* H. H. Landon and V. L. Sailor, Phys. Rev. 98, 1267 (1955); 
V. L. Sailor, Phys. Rev. 91, 53 (1953). 
® Wood, Landon, and Sailor, Phys. Rev. 98, 639 (1955 





RADIATION WIDTHS 

The 4.14-ev resonance in W'™ is one of the few 
resonances in an even-even target nucleus for which 
accurate measurements have been possible. 

A collection of those radiation widths which are 
known to a precision of approximately 15 percent or 
better is presented in Table IV. All of the values quoted 
except for the one in U™*, have been measured by either 
a crystal spectrometer or slow chopper using “shape- 
type” analysis procedures, when possible. The tabulated 
values are shown plotted in Fig. 4. 


DISCUSSION 


Blatt and Weisskopf* have extended their modified 
independent-particle model estimate of the partial radia- 
tion width for transitions between highly excited states 
to evaluate, in approximate manner, the total width I, 
for such a state. Using a statistical model of the nucleus 
they have attempted to sum the partial widths of a 
highly excited state emitting gamma rays to many 
lower-lying states. They have assumed that the density 
of final states is given by an expression of the type 
p(E)=c exp(aE)!, where E is the excitation energy in 
the compound nucleus. The constants ¢ and a are as- 
sumed to be slowly varying functions of the atomic 
weight and represent respectively the density of states 
at low excitation energy and the rate at which the 


density increases with energy. Admittedly, only very 


crude estimates are possible for these parameters at the 
present time, even if such a representation of the density 


of states is valid. 

As the attempts’ to compare these estimates with the 
current data have general features of the 
dependance of radiation width on atomic weight can be 
understood from such a model. As Fig. 4 very clearly 
shows, on the average there is a decrease of I’, with 
increasing atomic weight A. This decrease is un- 
doubtedly due to the decreasing neutron binding energy 
associated with increasing A, combined with decreasing 
level spacing at an energy of excitation of the compound 
nucleus corresponding to the binding energy. This later 
change in the level spacing corresponds to a change in 
both of the eer and a. 

It is apparent in Fig. 4, however, that deviations from 
this general trend are ce wie present. This is particu- 
larly evident in the region of atomic weight 208 if one 
examines the radiation widths for Au and the succeeding 
elements Hg, Tl, and Bi as reported by Levin and 
Hughes.’ They have reported a deviation of a factor of 


shown, the 


Taste III. The single-level resonance parameters for the 4.14-ev 
resonance in tungsten. The tabulated quantity, oo, is not corrected 
for isotopic abundance. The quantity, ¢I’,, is corrected for isotopic 
abundance. 
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Tasie IV. A summary of the most recently published radiation 
widths in the region of heavy nuclei. Only those values which are 
known to a precision of approximately 15 percent or better are 
tabulated. 


Ee ly, 
Target ev Mev 
1.260 
5.12 
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nTa™ 4.28 
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Re" 2.156 
mRe™ 442 
nlr™ 0 654 
nir'® 1.303 
sAu™ 4.91 
eJ™ . 
2 6.70 
1983 
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30 in this region. An attempt has been made by them to 
understand this in terms of the above model, inserting 
present empirical knowledge of level spacing and bind- 
ing energy. A major difficulty is evident here, however, 
since a closing of both the neutron and proton shells 
leads to radical changes in the general trend of binding 
energies and level spacings.” Furthermore it has been 
observed by Kinsey and Bartholomew that it is in just 

* Hughes, Garth, and Levin, Phys. Rev. 91, 1423 (1953) 

™ B. B. Kinsey and G. A. Bartholomew, Can. J. Phys. 31, 1051 
(1953); G. A. Bartholomew and B. B. Kinsey, Can. J. Phys. 31, 


1025 (1953); see also Kinsey, reference 7, for a discussion of just 
this point. 





Fic. 4. Radiation width I’, versus atomic weight A in the region 
of heavy nuciides. Only those values which are currently known to 
a precision of approximately 15 percent or better are plotted. The 
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this region of A that the capture gamma-ray spectra 
show a definite anomaly. The general spectrum’ one 
would expect from the statistical model is clearly not 
observed, but rather an excessive number of high-energy 
transitions appear. This is most evident when one 
examines spectra from Pb*’ and Pb™ in which es- 
sentially only single ground-state transitions are ob- 
served.” The statistical model should probably not be 
used in this region therefore. 

An attempt has been made to apply the model to a 
few carefully chosen examples where more confidence 
might be felt in the results. Pairs of nuclei which differ 
by only two neutrons such as Ir™, Ir'® and Re'®, Re'®? 
were chosen. The even-even compound nuclei of Sm'™, 
Gears. 
about the trend of the spacing of the first excited states 
in such even-even nuclei is available.” It is difficult to be 
exact quantitatively with our still limited knowledge of 


the empirical constants which enter, but it is clear that 


and Hf'’* were also chosen since knowledge 


the model does not predict an increase in the width in 
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going from Ir™ to Ir™. It is also clear that the widths in 
Gd'*58 are too large compared with Hf'”* unless a 
difference in the spin of the capturing state is important. 
Comparison of Gd'**-'** with Sm'® rules out this possi- 
bility, since capture in these nuclei must occur in the 
same or nearly the same spin state. There does not 
appear to be an explanation within the model for the 
large widths of Gd. The capture gamma-ray spectrum 
for this element does not show an abnormal number of 
high-energy transitions. The gamma-ray multiplicity 
has been measured by Muehlhause*® and found to be 3.9 
which is also normal for this region of atomic weights. 

Finally Xe™* is interesting in that its width appears 
normal in spite of the fact that it contains a magic 
number of neutrons and is known to show a large spacing 
of the first excited state.” 

It appears, therefore, that the statistical model is not 
adequate to explain all of the observed deviations from 
the general trend of radiation widths. This conclusion is 
strengthened when one considers that there is evidence 
that within a single nuclide the radiation width shows 
measurably different values depending upon the reso- 
nant state in which the neutron is captured. As can be 
seen in Fig. 4, capture in In"®, Eu’, Lu'®, and Hf!” 
shows this to be the case. Variations in the ratio of 
ground-state to isomeric-state activities have been 
shown” to occur when the capturing state of the com- 
pound nucleus is selected. Such variations imply that 
the mode of decay of the capturing state is selective and 
is not of a purely statistical nature. 

In view of the uncertainties associated with the 
application of the model it is probably not reasonable to 
attempt to classify capture radiation as to multipole 
order on the basis of total radiation width measure- 


ments.” Any statement concerning proper statistical 
factors to be applied depending upon spins of the 
capturing states should also await further partial width 


measurements.”” 
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The elastic, 
as a function of scattering angle 


plus nearly elastic, scattering of 80-Mev x* and r~ 
The results are compared with optical model phase-shift calculations using 


mesons on aluminum have been measured 


a uniform nuclear model with R=1.424!X10™" cm and various choices of constant complex potential 


V = V,+éV inside the nucleus 
between nuclear and Coulomb scattering for x* 
for x near 20 


mesons, 


theoretical curves, and show a slow increase in the differential cross section beyond 90 
~50° can be compared with experiment, the best fitting values of V; and 


the experimental curves for 6< 
20 Mev for x* and 
20 Mev in each case 


V;are Vi=- —30 Mev for « 
and Ve~ 


comparison with experiment 


, corresponding to 
A value \,~4X10 
The potential V was treated 


The experimental curves demonstrate clearly the destructive interference 
mesons, and the corresponding constructive interference 
The experimental curves do not show the diffraction minimima present in the 


To the extent that 


-25 Mev for nuclear effects alone, 
cm is favored for this theoretical model used for 
as the fourth component of a four vector in a 


Klein-Gordon-type wave equation in analogy with the Coulomb interaction 


I. INTRODUCTION 


N investigation of the elastic scattering of positive 

and negative pions by various nuclei is now in 
progress. The elastic scattering of 60-Mev positive and 
negative pions has been previously investigated by 
Bytield ef al.,' 
chamber placed in the Nevis 60-Mev meson beams. An 
analysis of the difference of the positive and negative 
pion elastic scattering using a modified optical model 
interference of the Cou- 
lomb scattering potential with the nuclear scattering 


using carbon plates in an expansion cloud 


and taking into account the 


potential in a Born approximation led to the conclusion 
that the nuclear potential experienced by the incident 
likely attractive. 

An independent 
tially represented an addition of the individual nucleon 


meson was most 
analysis of Peaslee,*? which essen- 


S¢ attering contributions, came to the same conclusion 
1erefore implied that the sign of the p-wave phase 
seems to be mostly responsible for the 60- 


and tl 
shift (which 
Mev meson scattering phenomena) was positive. 

A later cloud-chamber investigation of the elastic 
scattering of 125-Mev negative pions by carbon and 
lead performed by Kessler and Lederman’ was also 
consistent with an optical model analysis using an 


lack of 


corresponding positive pion data did not allow as sensi- 


attractive nuclear potential. However, the 


tive a determination of the sign of the potential. 


Similar cloud-chamber experiments for negative 
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mesons on carbon were carried out by Shapiro* and 
analyzed by Bethe and Wilson.® Tracy® has measured 
the elastic mesons on aluminum by 
using a cloud chamber, although with poor statistical 
accuracy while Fowler e/ al.,” using a diffusion chamber, 
have measured the scattering of pions on helium, 
Isaacs ef al.§ also investigated the elastic scattering 
of 60-Mev negative pions from carbon using scintil 
lation counter techniques and obtained much better 


scattering of x* 


precision. The data were also consistent with a negative 
well but here again, because of the lack of positive 
data, the determination of the sign of the potential was 
not very sensitive. 

Following this early work a systematic survey of the 
elastic scattering of both positive and negative pions 
of various energies for various elements (both heavier 
and lighter than carbon) has been undertaken at Nevis 
Scintillation counter techniques were employed and 
made possible angular resolutions and statistical 
curacies far superior to those obtained in the cloud 
chamber experiments. This paper reports on the initial 
results in this program for 80-Mev x* 
on aluminum, 

The purpose of these experiments was: 

(1) To investigate, with improved statistical accuracy 
and angular resolution, the angular distribution of x 
mesons from nuclei as an important phenomenon in 
high-energy physics. In particular, it is of interest to 
investigate as carefully as possible the differences be- 
tween x* and x scattering in nuclei with roughly equal 
numbers of neutrons and protons to observe interference 
effects between ‘‘meson 
forces”’ in the scattering. 


and #~ mesons 


forces” and “electromagnetic 


* A. M. Shapiro, Phys. Rev. $4, 1063 (1951) 

* H. A. Bethe and R. R. Wilson, Phys. Rev. 83, 690 (1951) 

* J. F. Tracy, Phys. Rev. 91, 960 (1953) 

’ Fowler, Fowler, Shutt, Thorndyke, and Whittemore, 
Rev. 91, 135 (1953). 

* Isaacs, Sachs, and Steinberger, Phys. Rev. $5, 718 (1952) 
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Fic. 1. Floor plan of cyclotron, shielding, focusing magnet, 


and counter telescope arrangement 


?) There is some interest in seeing how well the 


cattering can be matched by an “optical model,” 


in 
where the effect of nuclear interactions is represented 
by a complex potential inside the nucleus. Of most 
interest is the question of the possibility of using a 
constant complex potential inside the nucleus and a 
Coulomb field outside. The imaginary part of the po- 
tential attenuates the wave to take into account 
absorption, inelastic and other possible incoherent 
processes, and can be alternately expressed in terms of 
a mean free path in nuclear matter for such processes. 

(3) To compare x-meson angular scattering with that 
of other probe particles, such as electrons, neutrons, 
and protons, to give information on the distribution of 
nuclear matter as a function of distance from the center 
of the nucleus 

It is to be expected that such scattering will be of 
continuing interest to physics and that the accuracy 
of such measurements will be steadily improved to 
allow comparison with more refined theoretical analysis. 

(4) It is of interest to see if the scattering can be 
explained in terms of the known results for the scat- 
tering by single nucleons with the application of the 
charge independence hypothesis. This need not apply, 
since the properties of nuclear matter may not be able 
to be represented in terms of individual processes 
between pairs ot partic les alone 

Il. PLAN OF THE EXPERIMENT 
A. General 

The experimental arrangement used at the Nevis 
cyclotron is shown in Fig. 1. Positive and negative 
mesons of momentum 180 Mev/c emerged from the 
channel chosen in this experiment 

The focusing magnet served several purposes. As a 
bending magnet it supplemented the momentum se 
lection of the cyclotron fringing field. It also deflected 
the beam out of line with the channel opening. The 
opening views the interior of the cyclotron enclosure, 
and rather high background is present along the line 
of the main channel opening. This background consists 
of gamma rays, neutrons, and some charged secondary 
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particles which are mainly not deflected the same as the 
meson beam. Triangular-shaped pole pieces were chosen 
to obtain an increase in intensity through focusing. 
The magnet acted as a converging lens in the vertical 
direction, and as a defocusing lens in the horizontal 
direction. A net gain of intensity of a factor of three 
was obtained through the monitoring telescope. Raising 
or lowering a } in. high crystal at the focal point by 
} in. reduced the intensity by nearly a factor of three. 
A further gain was then realized by using rectangularly 
shaped counters, similar to the shape of the source, 
with the smaller dimension vertical. The scattering was 
measured through angles in a vertical plane. 


B. Scintillation Detectors 

Stilbene crystals were used as the scintillators with 
a decay time of less than 8X10~* second. The first 
crystal of the telescope, Y1, was 4 in. by 2 in. by § in.; 
the second, X2, was 4 in. by } in. by } in. in the first 
runs and was later changed to 3 in. by ? in. by #5 in. 
The crystals mounted on the rotating arm were both 
4 in. by 2 in.; the nearer, X3, being } in. thick, and the 
last, X4, being } in. thick. 

The use of rectangular counters permitted a relatively 
high detection efficiency to be attained for a given 
angular resolution. For not too small scattering angles 
6, the main counter extension roughly approximates an 
arc of an annular ring detector subtending angles @ to 
6+A06, where the small side of the rectangle mainly 
determines the geometric A@ 

All the crystals were mounted in aluminum frames 
for support, with aluminum foil, a few mils thick, being 
used as a reflector. Parallel connected RCA 1P21 photo- 
multiplier tubes were mounted at each end of the holder 
looking in at the crystals. All counters were operated 
in the plateau region for the detection of minimum 
ionizing particles (1400-1700 volts on the photomulti- 
plier). 


C. Electronic Arrangement 


Each pulse from the scintillation counters was ampli- 
fied and Jimited in a distributed amplifier of rise time 
0.0026 microsecond, and a gain of 10. This was then 
fed to a fast double-coincidence circuit. Both 6BN6 and 
bridge circuits were used interchangeably. With the 
6BN6 circuit, resolutions better than four millimicro- 
seconds were obtained and used in some runs. However, 
for most of the work, resolutions about 1.5xX10-° 
second were found sufficient for the “‘fast’’ coincidence 
circuits. 

Fast double-coincidences between Crystals 1 and 2, 
1 and 3, and 2 and 4 were made to give optimum over-all 
time resolution of the selected total events. The co- 
incidence outputs were further amplified and fed to 
fast discriminator and pulse-shaping circuits. The fast 
double-coincident counts between Y1 and X2 were used 
as a monitor for the experiment. This fast-coincidence 
output, after passing through the discriminator and 




















pulse-shaper, was sent to a fast 0.1-usec decade scalar, 
and also to a slower coincidence circuit to be combined 
with the other fast double coincidences in a Rossi-type 
(0.1 sec) “slow” triple-coincidence circuit. The output 
of this circuit consisted of over-all quadruple coinci- 
dences in our four crystals. Switches in the Rossi 
circuit allowed for the measurement of the individual 
rates from any one, or the coincidence of any two of the 
individual! double-coincidence circuits to permit a check 
on the internal consistency of the results and to make 
“trouble shooting” easier. 


Ill. EXPERIMENTAL PROCEDURE 
A. Analysis of the Beam 


Range curves were taken to estimate the percentage 
of x mesons in the beam through the 1-2 telescope. 
These range curves were taken as integral curves, that 
is, the number of fourfold coincidences for a fixed 
number of 1-2 coincidences was recorded as a function 
of the total absorber thickness in front of crystal number 
4. Typical range curves are shown in Fig. 2 for 
mesons, and in Fig. 3 for + mesons. All the points 
were taken for the same number of monitor counts. 
The statistical uncertainty in the point for 0 in. ab- 
sorber is of the order of 1%. 

An inspection of Fig. 3 shows that the main break 


occurs for about 1.25 in. Cu corresponding to x* mesons 
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Fic. 2. “Corrected” x~ integral and differential 
range curves, linear plot. 
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Fic. 3. “Corrected” x* integral and 
differential range curve 


having a kinetic energy of 80.4 Mev® and cp=170 Mev 
after leaving counter 2. The initial slope for 0 in. to 
1 in. Cu mainly represents the effect of nuclear inter- 
actions rather than shorter-range particles. The beams 
also contain some 4 mesons and electrons of essentially 
the same momenta (due to the magnetic field selection 
effects). The corresponding range for a « meson of the 
same momentum is 1.73 inches of copper. The electrons 
have even greater ranges, but multiple scattering and 
radiative collisions are important for them: 

To better estimate the number of mesons stopping 
per unit thickness of copper, we can multiply the 
integral range curve by a term ¢& to roughly correct 
for the nuclear interaction of the mesons in the copper 
This, of course, overestimates the beam left after the 
r’s are stopped since the «4 mesons have no similar 
nuclear attenuation. Figures 2 and 3 show these plots. 
Also shown (Fig. 4) is a range curve of the r~ mesons 
scattered by }-in. aluminum at an angle of 35 degrees. 
One should note that in the 35-degree curve there is 
an additional energy loss of about 7.5 Mev in the 
sample. This explains the apparent different value of 
the range of the x’s. Also, since u~ mesons and electrons 
were absent from the scattered curve, the break in the 
integral curve was sharper. 

The range curve of Fig. 3 was taken for the run with 


a }-in. aluminum target and positive mesons. The value 


* Multiple scattering in the copper increases the energy by 
another Mev. See R. Mather and FE. Segré, Phys. Rev. $4, 191 
(1951). 














1422 PEVSNER, RAINWATER, 
wo}. —_———— 
w” Mesors on $° Aluminum 
o-\ 7 35° Scattering 4 
\ 

z 
8 6 4 
i | 
pd ' 
% i 
i“ > 4 
20; 4 
5 eis MER Mee Se Baroy 

Ay 6 


Tiwckness 


Number Stapping per - 
ny 
. S ¢ 
A 


inches - Copper 


tegral and differential range curve scat 


at 35° by §-inch aluminum 


of the incident meson energy during all of the negative 
meson runs was the same, since the meson target 
position was unchanged. However, for positive mesons 
on a }-in. aluminum target the value of the kinetic 
energy was 75 Mev after leaving counter 2. For the 
4 in. and } in. thick targets the average distance before 
interaction, one-half the thickness, would 
result in a loss of 1.2 Mev and 2.4 Mev respectively. In 
Fig. 3, not many of the mesons had a range greater 


sample 


than 1} in. copper, hence the large drop in the graph 
at this point. 

About 4% of the positive beam (Fig. 3) 
to ut mesons. At 2 in. of absorber, about 2°) of the 
original positive beam was still present, comprised 


was due 


most probably of positrons and a few yu’s produced from 
decay in flight of x's. The positrons stopped very 
gradually, with increasing thickness of absorber, be- 
cause of their multiplication via showers. The electrons 
formed a much larger proportion of the negative beam. 
For 2-in. absorber the negative-meson range curves 
indicate that about 10% of the original beam remained. 
We assume that this was also the proportion of electrons 
in the incident beam. The possibility existed that the 
original number of electrons in the incident beam 
might be much higher, but that after penetrating 1.5-in. 
Cu (about 2.6 radiation lengths), only a fraction of the 


original number would be present. To check this, we 
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examined Wilson’s shower curves for 200 Mev/c 
electrons in lead to obtain an idea of the order of magni- 
tude of such a correction. Although we used copper 
rather than lead, a rough comparison of the two cases 
is possible when thicknesses are measured in radiation 
lengths. It was found that, on the average, each 
electron in the primary beam produced several electrons 
of sufficient energy to trigger our last counter after 
traversing the absorber. Further, in one hundred cases 
examined, less than 10% resulted in no electrons (i.e., 
all the original energy being in y rays) passing through 
the absorber. Hence this error can result in only about 
a one percent error in our final beam composition, since 
there is approximately 10% electron contamination for 
the negative beam. 


B. Experimental Checks 


During the data runs, frequent checks showed that 
the electronics were stable and that the counting 
efficiency did not vary over long periods of time. 

At all angles, runs were made for both target in and 
target out. The results were then subtracted to give 
the number of scatterings due to the target. With the 
target removed, a few fourfold coincidences appeared 
from several sources. First there was scattering (nuclear 
and Coulomb) from X2 which was placed close to the 
target. In addition, there was general background 
which very occasionally gave a simultaneous pulse in 
each of the four crystals. However, a much more likely 
event was the occurrence of background pulses simul- 
taneously in X3 and X4 in coincidence with a beam 
particle in Crystals 1-2, since the 1-2 instantaneous rate 
was as high as 1 800000 mesons per minute (90 000 
per minute time averaged) during cyclotron bursts. 
Since the background intensity was higher near the 
median plane, the number of accidental coincidence 
counts was reduced as the turret holding Y3 and Y4 
was rotated away from the median plane. This is also 
why the particular choice for fast double coincidence 
of X1—X2, X1-X3, and X¥2-X4 was made. 

Near the median plane, the counters began to be in 
line with the direct beam. Thus, near an angle of 0 
degrees, the fourfold rate actually decreased when the 
target was inserted. This resulted from the fact that 
the beam was very well collimated. When the target 
was inserted, multiple Coulomb scattering in the target 
spread the beam out so that it was not as intense in 
the forward direction. This type of effect prevented us 
from measuring the scattering at angles below about 
10 degrees. Here the ratio of counts for “target in” 
to counts for “target out” was about 2:1. This was 
due to beam spread and also due to u mesons coming 
from the decay of x mesons in flight (the u’s from our 
energy x meson had a cut-off angle of about 12} degrees 
in the laboratory system). At 15 degrees the ratio of 
counts for ‘target in” to “target out” was about 8:1. 
For this, and other reasons, we do not trust the results 
below 15 degrees. At the other angles the in-out ratio 
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varies from as low as 3:1 up to 12:1. At 160 degrees 
we had a ratio of about 3.5:1. During the “target out” 
runs, sufficient absorber was added between counters 
3 and 4 to correct for the increase in energy of the 
measured particle with the target absent. Table I 
shows the counting rates with }-in. copper and }-in. 
copper absorber in place. 


C. Criterion for Elastic Scattering 


In order to measure the elastic scattering, a copper 
absorber was placed between Y3 and X4. Low-energy 
protons and mesons scattered with loss of energy would 
not have had sufficient range to penetrate the absorber. 
The incident beam was only approximately mono- 
chromatic. The beam energy spread on leaving counter 
2 was 80+5 Mev (except for the r*-meson case using 
}-in. Al where it was 75+5 Mev). Hence, to detect all 
the elastically scattered beam particles in Crystal 4, 
the absorber could not be too thick. The amount of 
absorber chosen was such as to stop mesons of less than 
58-Mev energy after leaving the sample (the order of 
7.5 Mev is lost traversing } in. of aluminum). This 
allowed, of course, inelastically scattered mesons with 
energy loss AE= 15+ 5 Mev to be detected and counted 
as “elastically’’ scattered particles. If this were an 
appreciably large part of the cross section it would 
obscure some of the results, particularly in the backward 
direction where the cross section for elastic scattering 
dropped to its lowest value, and would have to be 
considered in the interpretation of the results. Photo- 
graphic emulsion experiments suggest that inelastic 
scattering with an energy loss of 20 Mev or less is quite 
small."® But to check this result ourselves, rough range 


TABLE I. Quadruple coincidence counting rates, as a function 
of angle, for 4-inch aluminum target with }-inch and 14-inch 
copper absorber between X3 and X4. Also target out rate with 
1-inch copper absorber 


Relative quadruple 
rates (not to be 
Inches per compared at dif 
Angle between X3 x4 Target ferent angles 
10 : Ir 498 
1 Out 239 
1} Out 14 
15° ; In 241 
i Out 50 
1} In 24 
214 } In 193 
1 Out 35 
1 In 16 
35° ; In 87 
1 Out 16 
1} In 74 
424° } In 36 
1 Out 5 
ij In 5 
122° j In 35 
1 Out 4 
1} In 4} 
160° ; In 49 
l Out 16 
1} 


In 10 





~ ® G. Bernardini and F. Levy, Phys. Rev. $4, 610 (1951). 





OF POSITIVE 














AND NEGATIVE PIONS 1423 
NEGATIVE MESONS 
BEAM SPREAD 
180, CURVE 


























? 
@ 0 
. 

Ll 

g ‘20; 
c 

. 

2 

—_ 

€ 00}—_+——_+__ 
3} 

° 

b 4 

°o 

e 
. 

> 

° 

_— 











Degrees 


Fic. 5. Negative meson beam spread curve with and without }- 
inch aluminum target. Taken with Counter 4, 30 inches from 
target. 


curves at a few angles were taken. As an example, 
the 35-degree curve is shown in Fig. 4. At small ab- 
sorber thickness, scattered plus reaction 
products such as protons, can penetrate the absorber 
to give fourfold coincidences. This number should 
decrease as the absorber is increased. At the scattering 
angle of 35 degrees the uncorrected range curve is 
fairly flat between § in. and { in. copper thickness, 
indicating that there is not much inelastic scattering 
of x mesons in this region. The curve falls rapidly at a 
range corresponding to that of the primary beam. In 
fact, the falloff is sharper and clearer than the range 
curve in the incident beam. This is to be expected as 
both electrons and uw mesons in the main beam would 
not be expected to scatter appreciably into large angles. 
Thus the appearance of the plateau assures that at 
least within the spread of the beam energy we do not 
have appreciable contributions from elastic scatterings 
of more than a few Mev energy loss. 

A further check on the nature of the scattered 
particles was frequently made by inserting 14 in. of 
copper between X3 and X4 with the target in, and 1} 
in. of copper with the target out. As can be seen from 
the incident beam range curve, this was enough copper 
to cut out most of the incident mesons. It was to be 
expected, therefore, that the ratio of scattered mesons 
at a given angle with j-in. copper between X3 and X4 
to the number with 1} in. copper, should be at least 
as good as this ratio in the incident beam. This was in 
fact the case, thus further assuring us that there was 


mesons, 
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number of fourfold 


Io measure the zero angle, the 


coincidences for a given number of 1, 2’s was measured 





for the different angles through which the scattering 
turret was swung. A typical curve for #~ mesons is 
shown in Fig. 5 from which it is seen that the zero 
corresponds to a scale angle of 1? degrees. This curve 
also gives an indication of the incident beam width, 
which is seen to be about 34 degrees full width at half- 


maximum, after which it falls sharply 


ident beam was 


When the target was in place the inc 
i ause of the multiple Coulomb 


further spread out be 
run was then 


result is shown in Fig. 5 for }-in 


scattering in the target The zero-angle 


repeated. A typical 
increased the 
half 


is beam 


aluminum. The presence of the target 
angular spread to almost 6 degrees full width at 
maximum for a }-in. al target. TI 


used in making resolution cor- 


iminum 
spread curve can be 
rections (at not too small angles) as it is an empirical 
measure of the beam spread including Coulomb effects, 
While 


of the runs were taken with }-in. target thickness, some 


and incident beam width most 


w-meson decay, 


data points (wit! were taken with a 


Lit 
q-in 


poorer accuras y 
. target in an attempt to reduce the beam width. 
| 


IV. RESULTS 


A. Calculation of Cross Sections 


Ihe cross section is defined as the number of inter- 
actions per nucleus in the target divided by the number 
of incident particles per unit area. The differential cross 


section in the laboratory is defined as 

da dQ EynN AQ, 
where EF equals the number of events scattered at an 
angle 6, m is the sample thickness in atoms/cm’, V is 
the number of incident particles, and AQ equals the 
solid angle subtended by the detecting counter tele- 
scope. 
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It was necessary to correct the raw values of the 
above quantities for Coulomb scattering; nuclear 
absorption in the copper absorber and in the crystals; 
resolution of the scalars; for the angle of the target 
with the main beam; and for electronic efficiency as 
discussed below. Figure 6 and Table II compare the 
corrected results for negative and positive mesons on 
‘-in. aluminum. The errors shown are the standard 
deviations of the number of counts as it is believed that 
the statistical errors overshadow the systematic ones. 
The angular resolution varied from point to point as 
the target to detecting telescope distance varied from 
over 40 in. at the small angles to a minimum of about 
10 in. at some of the backward angles for which there 
were very low counting rates. Thus the last crystal 
subtended scattering angles of +1.5 degrees up to +6 
degrees. This angular width was superimposed on the 
intrinsic beam spread with the target in place (as shown 
in Fig. 5). The intrinsic beam width was due to the 
spread of the primary beam and, in addition, to the 
multiple Coulomb scattering in the target. Thus the 
Coulomg scattering increased the full width at half- 
maximum from three to six degrees with a half-inch 
aluminum target. 

In order to check the Coulomb interference region 
of the scattering of the positive and negative mesons, 
it was thought desirable to reduce the incoming beam 
width and keep the detecting telescope further out 
from the target. Hence runs were made with a }-in. 
aluminum target with the detecting telescope held at 
a distance of 40 in. from the target, for the 15 to 35 
degree region. These results are listed in Table III and 
are plotted in Fig. 7. With this target the full width 
at half-maximum of the incident beam was 4} degrees 
and the detecting telescope subtended an angle of 1.9 
degrees. 

For both targets used, data were taken down to ten 
Results below 15 degrees are not plotted, 


degrees 


Experimentally measured differential cross sections, 
mesons, with a 4-inch aluminum target.* 


rane I 


da /dQ, for x~ and r* 








Angle * dQ bar Angle de dQ millibrans 
egre erad egrees per steradian 
1543.8 1367 +65 144438 1058+96 
20} +4.1 652432 18+3.8 405+46 
2524.2 387425 20)+4.3 397 +44 
354444 161410 22},+4.0 234433 
403 +48 125+17.5 23443.8 158+32 
423247 79.5413.1 254+3.8 151427 
47445.2 39.143.6 293+5.0 123417 
592+5.9 22.2+3.6 333+4.2 63.8426 
6945.6 10.7+2.5 50+5.9 31.645.7 
0147.3 6.9+1.0 891+7.5 9.3418 
110}+6.8 90+1.9 
1274+6.6 11.0+1.9 
14047.3 8541.5 
159+6.4 17.342.0 
alues the = se are the statistical errors. The + 
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however. They are not considered reliable because of 
the large corrections (which radically vary with small 
changes in cyclotron operation) that would be necessary. 
These corrections are due to r-» decays (which have 
for our energy #’s a cut-off angle in the laboratory of 124 
degrees) resulting from the large number of mesons 
in the main beam. Coulomb scattering corrections and 
the presence of main beam particles at low angles 
preclude the use of points below 15 degrees. Similarly, 
the 15-degree point may be considered less reliable than 
those at higher angles. 


B. Corrections 


The principle corrections were made to allow for 
the following: 

(1) The counting of particles was not 100% efficient, 
since many peaked very-fast-coincidence circuits were 
used. The efficiency is about 90% that a meson that 
traverses counters 1, 2, 3, and 4 will give a fourfold 
coincidence if it gives a 1, 2 coincidence. Thus the 
observed 1, 2, 3, 4 counting rates must be increased by 
about 10%, as discussed above. 

(2) The scattered count used in calculating cross 
sections was the difference between the scatterer-in 
and scatterer-out count for j-in. and 1-in. copper 
absorber respectively, between counters 3 and 4. Range 
curves taken of the scattered particles, at not too small 
angles, showed that there were essentially no scattered 
particles able to traverse 14 in. copper (see Table I). 
Thus, of the total number of particles traversing 
counters 1 and 2, only that fraction of the particles 
which can traverse 1 in. copper absorber, but not 
traverse 14 in. copper absorber, should be included. 
Since the ~ mesons present were mainly of the same 
momentum as the x mesons, their mean range was 1} 
in. copper. (The electrons had even greater ranges as 
discussed above.) Thus an empirical check is obtained 
of the fraction of the 1, 2 counts which should be con- 
sidered valid “effective” incident #-meson flux by 
taking a range curve in the forward direction of the 
1, 2, 3, 4 rate for a fixed number of 1, 2’s against copper 
absorber thickness. If the relative 1, 2, 3, 4 rate for no 
absorber is taken as unity, then the difference in 1, 2, 


Taste III. Experimentally measured differential cross sections, 
de /dQ, for x~ and x* mesons, with a }-inch aluminum target. 
Theoretical curves from phase shift analysis plotted for com- 
parison. 
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Fic. 7. Experimental cross-section curve for }-inch aluminum 
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— 25) and (—30, —15) for x* are shown for comparison. 


$0 _ Muliiborns per Steradion 
; 
Z 



































3, 4 rate for 1-in. copper and for 1}-in. copper gives the 
fraction, f, of the 1, 2 count which should be considered 
effective incident “correct range” r-meson flux. Note 
that this automatically takes account of shorter-range 
particles in the incident beam due to absorption, in- 
elastic scattering, and large-angle coherent scattering 
in the copper absorber used between counters 3 and 4 
when measuring the scattered intensity. The value of 
f differed slightly for different runs, but was equal to 
about 0.69 for the #* runs and 0.50 for the x~ runs. 
(3) The next correction is due to the net effective 
angular resolution function in the experiment, including 
contributions due to multiple scattering in the target. 
The net total resolution function, including multiple 
scattering angular smearing, is measured directly by 
measuring the angular spread of the beam (quadruple 
counting rate vs 3-4 telescope angle) in the forward 
direction with the sample in the beam (Fig. 5). We 
need merely note that any larger angle single-scattering 
event is superimposed on this distribution since the 
relative probability of all other smearing effects is not 
changed by the presence or absence of the large angle 
single scattering. Thus at angles appreciably larger 
than the measured main angular spread of the incident 
beam (after traversing the sample) the experimentally 
observed scattering distribution may be regarded as 
the true single-scattering distribution viewed with a 
net experimental angular resolution function measured 
in the manner described above. This net angular reso- 
lution, which is directly measured experimentally, 
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hypothetical curve shape 


includes such effects as the angular spread of the beam 
on leaving counter 2; the widths of the counters; 
multiple scattering in the sample and counter 2; rz 
decay of the x mesons after scattering in the sample 
(the decay u« meson must be able to traverse the copper 
absorber between 3 and 4 to register, so a modified ry 
angular decay function applies). 

The net angular resolution function has the usual 
effects in distorting the “true” da/dQ curve. For the #* 
scattering curve in the region of the interference dip 
between nuclear and Coulomb effects (near 20 degrees) 
the correction may be particularly large. We present 
the results without correcting for this effect, however, 
since the magnitude of the correction is quite sensitive 
to the assumed shape of the experimental curve. By 
assuming a hypothetical experimental curve given by 
the upper curve shown in Fig. 8, and making the neces- 
sary resolution correction, we obtained for the true 
curve the lower curve in Fig. 8. 


V. DISCUSSION 


An attempt was made to match the experimental 
results using an “optical model.”’ The term “optical 
model” is often employed to designate the particular 
approximation method (of solving the more general 
“optical model” problem) which was employed by 
Fernbach, Serber, and Taylor" (F. S. T.). By “optical 
model” we here mean that, in the most general sense, 
the wave equation to be solved for an incident plane 
wave plus outgoing scattered wave can be represented 


" Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949 
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by a wave equation: 


where k(r) is complex and varies with position. We 
emphasize this distinction so the approximations in- 
volved in assuming that the actual scattering can be 
given, in principle, by a solution of such a wave equation 
with a properly chosen &(r) will be separated con- 
ceptually from the consequences of further approxi- 
mations made in the solution of the problem. Such 
further assumptions could include (1) the assumption 
of a uniform nuclear model, i.e., a constant nuclear 
density within a sphere of radius R, and zero density 
outside; (2) the assumption of a particular value for R 
such as R=1.4A'X10-" cm; (3) the approximation of 
using constant complex k “inside the nucleus,” i.e., 
for r<R, and using the k appropriate for a Coulomb 
field for r>R; (4) then, finally, one may use various 
approximate methods of solving the resulting wave 
equation, such as the F. S. T. method, or by use of a 
Born approximation, etc. 

In the case of aluminum, the above choice of R gives 
ky =3.6, where ko=k(). Thus the nuclear size is of 
the order of a wavelength rather than large as compared 
to a wavelength. Assumptions (2) and (3), although 
useful for making the problem definite, are probably 
poor approximations to the true situation. Since we 
have no trustworthy method for estimating the addi- 
tional distorting effects which are introduced by the 
approximation methods (4) above, we decided to carry 
through exact phase-shift calculations of the definite 
model resulting from approximations (1), (2), (3) above. 
These calculations were carried through for 16 different 
choices of complex k= k,+-ik, for R=1.416A'X 10-¥ cm, 
for both x* and #~ mesons, and are described in greater 
detail in a following paper.’ &; and k, were related to an 
assumed complex potential V,+V, by using the Klein- 
Gordon equation"; 


(E—VP=ec+#Cer, 


where u.= meson rest mass and E= meson total energy 
=yc*+kinetic energy at large distances. The term 
quadratic in V was ignored for r>R so that tabulated 
Coulomb wave functions could be used. Values of 
Vi, Vo, ki, and &, used for r<R are listed in the fol- 
lowing paper,’* where the main discussion of the results 
of the calculations is given. A brief comparison of the 
experimental and calculated curves shows that the 


A. Pevsner and J. Rainwater, following paper [Phys. Rev. 
100, 1431 (1955) }. 

8 Other methods of including the nuclear interaction could also 
give a complex & in the wave equation. Thus the interaction might 
better be taken as a mass term instead of the fourth component 
of a four vector. For a square well this would change the values 
of V; and V; for a given &; and &». It is also possible to construct 
a wave equation containing a term proportional to the gradient 
of the nuclear density. This gives a surface effect for a uniform 
nucleus. (We wish to thank Dr. Kislinger and Dr. Francis for 
discussions of their work on this latter method prior to publication 
of their results.) See also K. M. Watson, Phys. Rev. 89, 575 (1953). 
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calculated curves all have strong diffraction minima 
in the region of 60 degrees to 75 degrees. The experi- 
mental curves appear to be much too smooth in this 
region to be consistent with this feature of the theo- 
retical curves. The experimental angular resolution in 
this angular region was + about 7 degrees, which will 
reduce the effect of a sharp dip considerably, but dips 
as strong as the theoretical ones should still show up 
strongly in the experimental curves. Considering the 
statistical uncertainty in the measured cross sections 
and the spacing of the points, however, it cannot be 
said that much less pronounced dips are certainly 
absent. Also, inelastic scattering where the nucleus is 
left in one of its first few excited states could be included 
with the elastic scattering experimentally and tend to 
fill in diffraction minima to some extent. It is of interest 
that the high-energy electron elastic scattering tends 
to give curves without strong diffraction effects for high 
atomic number materials. However, the phase-shift 
calculations'® in that case tend to give curves lacking 
strong diffraction minima (for high Z) even for a 
uniform nuclear model in contrast with the calculations 
for the present paper. 

Comparing the calculated r+ and ~ curves, Figs. 9 
and 10, it is seen that the x*+ and 2 curves for a cor- 
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Fic. 9. Differential cross section for 79-Mev x* mesons on 
aluminum calculated using phase-shift analysis on optical model 
for the nucleus, for V;= —20 Mev, V2=—10, —25, —35 Mev. 
Calculated points are shown. 
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“ Hofstadter, Hahn, Knudsen, and McIntyre, Phys. Rev. 95, 
512 (1954). 
4% Yennie, Ravenhall, and Wilson, Phys. Rev. 95, 500 (1954). 
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Frc. 10. Differential cross section for 79-Mev =~ mesons on 
aluminum calculated using phase-shift analysis on optical model 
for'the nucleus, for V;= —30 Mev, V;= ~-22, ~—30 Mev. Calcu- 
lated points are shown. 


responding set of inside nuclear poetentials are nearly 
identical for 6=30° to 50°. (By “corresponding” 
potentials is meant V;= —30 Mev for x~ and V;= —20 
Mev, for wt, for example, where a 10-Mev difference 
in inside Coulomb potential is taken into account.) For 
6<30° the x* curves show a destructive interference 
between Coulomb and nuclear effects, while the x 
curves have a less obvious constructive interference 
effect. For the 4-in. thick sample, Fig. 6, the principle 
difference between the calculated curves and the ex- 
perimental curves in this region is that the experimental 
curves place the x* and #~ interference separation at 
appreciably larger angles than do the theoretical curves. 
Thus the experimental separation extends from 15° to 
45°, while the theoretical curves place the separation 
at about one-half or two-thirds of this angular region. 
Thus no good quantitative match can be made with 
the x* dip (for the 4 in. thick sample) using any of the 
theoretical curves. For this reason, the best choice of 
V for the fit is made using the x~ curves. A’ detailed 
comparison of the experimental and theoretical + 
curves shows that a fairly good quantitative fit can be 
obtained over the angular region 20°-45° using V; 
= —30 Mev or V;=—40 Mev with the choice of V; 
relatively unimportant. 

If one observes that the experimental x* and 2 
curves match relatively closely for @>45° the difference 
at smaller angles may be interpreted as a shift in the 
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angular position of the interference minimum relative 
to those of the theoretical curves. The x* curve for the 
}-in. thick sample could then be said to roughly match 
the choice V;= —20 Mev or —30 Mev. Increasing V; 
tends to “damp” the amount of the dip in the calcu- 
lated x* curves near 15° and one might hope to select 
a favored value of V; on the basis of this damping. This 
selection is rendered quite difficult, however, in view 
of the great difference in position of the interference in 
the experimental and theoretical curves. The experi- 
mental curves of Fig. 7 for the }-in. aluminum sample 
have much better angular resolution than those of Fig. 
6 in the region below 30 degrees, and a much better 
match with the theoretical curves is possible. In making 
the comparison, however, we note that all of the experi- 
mental points should be lowered somewhat. In par- 
ticular, those at 15 degrees are probably much too high 
because of contributions from still smaller angles 
because of the resolution width. The theoretical curves 


are shown corresponding to (V;, V:)=(—30, —22) 
and (—40, —15) for x~, and (— 20, —10), (— 20, — 25), 
and (—30, —15) for x*. Comparison shows that V; 


—3) to —34 Mev is required for the #~ curve. 
The x* curve cannot be matched perfectly due to the 
fact that the theoretical curves maintain low cross 
sections to much lower angles than the experimental 
curve. Reference to Fig. 7 (and other of the theoretical 
curves shown in the following paper”) and noting 
something like the “area” of the dip, as well as the 
match for @~18°, suggests again that V;= —20 Mev 
is best. The theoretical curve for V.= —25 Mev seems 
overdamped and that for V,=—10 Mev seems under- 
damped, so a value for V, between —10 Mev and —25 
Mev seems best. 

It is of interest that the experimental scattering 
cross section, in addition to showing no nuclear size 
diffraction minima, maintains a fairly high value near 
90 degrees, and actually rises some in the backward 
direction. The optical model phase shift (and Born 
approximations”) predict a steady decrease in do/dQ 
between interference minima. We note that a Born 
approximation calculation of the optical model is 
equivalent to assuming isotropic scattering from each 
element of nuclear matter, so the net scattering ampli- 
tude {(@) due to the nuclear effects alone has just the 
shape of the nuclear distribution form factor which we 
shall call /,(@). Another approach would be to use the 
single scattering law f,(@) indicated by the meson- 
nucleon (x*+ and #-+ ) coherent scattering on a 
single nucleon. In this case {(@)=f,(0)/.(0). The experi- 
mental curves of do/dQ for x*+ are peaked in the 
backward direction and the value at 180 degrees is a 
rapidly increasing function of the relative energy. We 
note that, for the backward scattering of a meson by a 
nucleon in the nucleus to be elastic and coherent with 
respect to the nucleus as a whole, the nucleon must, 
after absorbing the full momentum transfer, still be in 
the same quantum state. The fact that this becomes 
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increasingly difficult as @ is increased is just reflected 
in the decrease in the calculated coherent form factor 
and, hence, is automatically taken into account if 
da/dQ for the elementary scattering is nearly inde- 
pendent of the energy of the relative motion. The 
collisions which contribute mainly to the coherent back 
scattering correspond to selecting Fourier momentum 
components from the bouad-nucleon wave function 
which are directed towards the meson initially, and 
which are directed away from the meson after the 
collision. Since the nucleon wave function is not changed 
for coherent scattering, over-all energy and momentum 
balance is made, noting that the nucleus absorbs the 
recoil as a unit. The feature now emphasized is that the 
main contribution to the coherent back-scattering 
comes from meson-nucleon collisions where the relative 
motion energy is much larger than if the nucleon were 
stationary. Thus backward meson-nucleon do /dQ curves 
for 110 Mev or 135 Mev may be more suitable to use 
than those for 80 Mev. However, there is a factor of 
>3 increase in do/dQ at 180 degrees in going from 78 
Mev to the higher energies. This is capable of giving a 
qualitative explanation of the rise in do/dQ at larger 
angles, but it should be emphasized that this explana- 
tion lies outside of the concept of a simple optical model, 
i.e., of the use of a wave equation with a complex 
k(r). It does point a direction in which one might 
modify the optica! model results by taking account of 
the angular dependence /,(6) of the elementary nucleon- 
scattering process. Multiple-scattering effects will 
probably tend to make some /,(@) intermediate between 
that for the elementary processes, and an isotropic 
distribution corresponding to {(0) be the effective f,(6). 

The value of the potential V in nuclear matter is 
customarily® related to the scattering amplitudes in 
the forward direction of the elastic scattering of pions 
on protons. Suppose particles with propagation constant 
k=ko outside the nucleus are incident on a slab of 
material with V scattering centers per unit volume. 

The effect of the scattering centers may be considered 
equivalent to the presence of a potential V inside the 
medium and a propagation constant k#k» for the 
particles inside the medium. Consideration of the 
resulting wave function for elastically scattered par- 
ticles in the forward direction after traversal of the 
medium leads to the result : 


P=k?+4xN/(0), 


where f(0) is the real part of the coherent scattering 
amplitude in the forward direction of the incident 
particle from one scattering center. Taking the Klein- 
Gordon equation" for the particle inside and outside 
the medium, 


(E-VY=Eeg+Her, 
BP=Ef+Hek?, 
where Ep=yc*, and combining with the above equa- 











tion for k, we get 
V=4rN#*Cf(0)/(V—2E). 


In the case of meson scattering in nuclei, we have 
not one type of scattering center but two, vis., neutrons 
and protons. The scattering of x~ and x* mesons off 
protons has been measured by Anderson ef al.,'* and 
Bodansky ef al.’ These experiments were analyzed by 
using the charge-independent isotopic-spin formalism 
(which is equivalent to assuming that, except for 
Coulomb effects, the scattering amplitude for #* mesons 
on protons is the same as for x~ mesons on neutrons) 
and the various phase shifts were obtained, from which 
the quantity f(0) may be computed. 

If x~ mesons are incident on the nucleus, f(0) for 
the *~ on the protons can be calculated. f(0) for x 
on neutrons is assumed equal to that for x* on protons, 
which can also be calculated. Hence we can consider 
in aluminum the elementary scattering centers, V per 
unit volume, to be neutron proton pairs (using Z 
= A—Z) with a scattering amplitude equal to the sum 
of the scattering amplitude for x~ on p and x* on p. 
Transforming the scattering amplitude to their values 
in the laboratory system and evaluating V at 65, 120, 
and 135 Mev, using the real part of the scattering 
amplitude to calculate the real part of the well, yields 
the curve shown in Fig. 11. It is not completely clear 
what energy should be used in evaluating V. In the 
meson-nuclear scattering experiments the laboratory 
energy is used and there is no net momentum transfer 
for forward scattering. For a bound nucieon, there are 
several possible complicating effects of the binding. 
The fact that the nucleons are moving would be un- 
important if the basic scattering amplitudes were 
slowly varying with respect to the meson energy in a 
system where the nucleon is at rest. This is not true, 
however, and the nucleon momentum distribution 
should be considered. For a nucleon moving toward or 
away from the meson with 20-Mev kinetic energy 
(8,~0.2 and y,~1.02) an incident meson of momentum 
P and total energy E will have momentum and energy 
P’ and E’ in the Lorentz system where the nucleon is 
at rest, where cp’=7,(cp+6,E) and E’=+7,(E+8 cp). 
In this case, y,.8,cp~40 Mev. Thus some sort of 
weighted average of V over a region 40 Mev to 120 
Mev is required. Since the curve of V vs E is roughly 
linear, this correction should be relatively small and 
an effective E of 80 or 90 Mev is probably reasonable. 
The kinetic energy inside the nucleus probably should 
be increased by the amount of the effective change in 
potential energy on entering the nucleus, which would 
favor a value of 20 to 30 Mev higher. If this is done, 
predicted values of V;~45 Mev are obtained. 


1 See Henley, Ruderman, and Steinberger, Ann. Rev. Nuc. 
Sci. No. 3 14 (1953), Table VL. See Also Anderson, Fermi, Martin, 
and Nagle, Phys. Rev. 91, 155 (1953). 

" Bodansky, Sachs, and Steinberger, Columbia University, 
Nevis Cyclotron Laboratory Report No. 1 (unpublished). 
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Fic. 11. Calculated V, from published phase-shift analysis 
of r+ interactions. 


A second unknown effect of the binding is the possi- 
bility of changing the effective reduced mass of the 
meson-nucleon system and thus appreciably changing 
the elementary scattering strength. This effect is almost 
always ignored and the conceptual features of the 
possible effect are often confused with an effective 
reduced mass effect on the amount of phase space 
available for scattering. To clarify the concept, at 
least, let us consider the scattering of slow neutrons 
by protons bound in a chemical lattice. For the singlet 
interaction, the relative wave function ry for a square 
well potential behaves as sin Kr inside the range of the 
potential and does not reach 90 degrees of phase, so 
the scattering length is negative. In considering the 
scattering of bound protons, it is assumed that there 
is no change, due to the binding, in the behavior of 
the relative wave function for R<~10~" cm, for ex- 
ample. If, however, the proton were bound by a spring 
of such stiffness that a motion of 10~" cm gave a AV 
of ~107 ev, there would be a significant increase in the 
reduced mass of the relative motion, and the value of 
K inside the range of the force would be correspondingly 
increased. This could lead to a bound singlet state of 
the deuteron, and to a positive scattering amplitude. 
For atoms in a chemical lattice, the AV is ~1 ev for 
~10~* cm motion, so such effects are negligible. For 
nucleons in nuclear matter, however, it is not clear that 
such effects could not occur. If they did occur, the net 
effect might still be smal] unless a near resonance con- 
dition existed, as for the singlet n-p system. 

Referring to Fig. 11, it is seen that the calculated 
value of V,; for E=80 Mev is 34 Mev, which is only 
approximately in agreement with the value selected 
previously in matching the theoretical and experimental 
scattering curves. 

Inside the nucleus we have a complex propagation 
constant, k=k,+ik, The wave function inside the 
nucleus is proportional to e*” so that the complex 
propagation constant introduces an attenuation of the 
incident wave function proportional to «~*”. The beam 
intensity is proportional to the wave function squared 
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Fic. 12. Comparison of predicted values of absorption cross 
section vs mean free path from phase-shift calculations 


so that the beam will be attenuated by a factor e~*” 
corresponding to a mean free path for absorption 
A= 1 2ks. 

In the phase-shift calculations (described in the 
following paper)? values of 4, and the resulting ab- 
sorption cross section were obtained for each of the 
cases considered. See Table IV. Figure 12 shows the 
results of these calculations. The calculated points are 
shown as dots and some of the curves drawn for different 
values of V; have been extrapolated in the region of 
long mean free path. If we choose, as above, the value 
V,=—30 Mev for x mesons and V;=—20 Mev for 
x* mesons, by comparing with measured absorption 
cross sections'* (which may have to be corrected for 
large angle elastic scattering) we can choose a mean 
free path A,. By considering the published absorption 
cross sections, and correcting for large-angle elastic 
scattering where necessary, we choose a best present 
value of 530 millibarns for the absorption cross section 
of x on aluminum, and we choose a 10% smaller 
value, or 480 millibarns, for the #* value. The upper 
solid horizontal line in Fig. 12 is drawn at the x~ value, 
the lower at the x* value. The mean free path for ab- 
sorption for both negative and positive mesons is then 
seen to be about 5X 10~-" cm. Note that a 10% change 
in the absorption cross section would change the 


 Chedester, Isaacs, Sachs, and Steinberger, Phys. Rev. 82, 
958 (1951); B. Martin, Phys. Rev. $7, 1052 (1953); D. H. Stork, 
University of California Radiation Laboratory Report UCRL- 
2288, 1953 (unpublished). Aarons, Ashkin, Feiner, Gorman, and 


Smith, Phys. Rev. 90, 342 (1953). 
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mean free path by a bit over 1X 10~" cm. It should be 
kept in mind that the mean free path calculated by 
this technique is of course only as good as approxi- 
mations 1-3 above. Thus, for example, if the nuclear 
radius were smaller, then the measured absorption 
cross sections would be closer to geometric cross section 
and yield a smaller mean free path. Above, by matching 
the theoretical curves to the experimental curves in 
the region of small angles we saw that a value for V; 
equal to or less than 25 Mev (corresponding to \.=3.2 
X10-" cm) would fit the data but that a value of 
V,=10 Mev (corresponding to \.=8X10~" cm) was 
definitely too low. This second method of determination 
of the mean free path thus indicates a value of A, 
between about 3X 10-" cm and 6X10-". 

\, can also be estimated from the elementary pion- 
nucleon scattering data in two different ways. First, 
we can calculate the imaginary part of the potential 
inside the nucleus, V2, exactly as we did the real part, 
V;, above, by using the phase-shift analysis values for 
the imaginary part of the forward scattering amplitude 
which is directly related to the total cross section for 
single nucleons. This results in values for V2 of —10 
Mev and —37 Mev at incident x energies of 65 Mev 
and 120 Mev. Then at 80-Mev incident energy we 
would have V=(37+18i) Mev while at 100-Mev 
incident energy V = (43+-27.51) Mev. These correspond 
to about a mean free path of 4.6X 10~" cm and 3X 10-" 
cm respectively (see Table IV). These values would be 
lowered if effects due to absorption, i.e., disappearance 
of the meson, are included, however. These results are 
thus mainly of interest in showing that the value of 
\. can be obtained with reasonably good agreement 
with the experiment neglecting such other contributions 
to the absorption. 

We can also consider the absorption coefficient as in 
P8533 

K=1/\,=3Ao/4er'. 


Tasve IV. List of parameters for cases studied using a 
phase-shift analysis. 





\ =mean 
V Ve ky; ky free path 
Case No Mev Me 10°2cm 10% cm™ (10-8 cm) 
1 —W —15 10.40 0.920 5.5 
2 —20 —10 9.77 0.627 8.0 
3 —20 —5 9.77 0.313 16.0 
4 —20 -—1 9.77 0.0627 70.0 
5 —10 —10 9.14 0.642 78 
6 -58 0 8.86 0 
7 0 —20 8.52 1.317 3.8 
S 0 —10 8.49 0.661 7.6 
9 0 —5§ 8.48 0.330 15.2 
10 +20 —10 7.12 0.714 7.0 
11 —20 —25 981 1.56 3.21 
12 -20 —35 9.85 2.18 2.29 
13 ~~ —22 10.41 1.35 3.70 
14 —* —-* 10.44 1.83 2.73 
15 ~40 —15 11.00 0.904 5.53 
2.78 


1.80 


11.04 














SCATTERING OF POSITIVE AND NEGATIVE PIONS 


That is, the absorption coefficient in nuclear matter 
equals the particle density times the cross section for 
scattering of the x meson by a particle in the nucleus. 
This calculation should, in principle be equivalent to 
the one above, except that the experimental total cross 
sections are used rather than the results of the phase 
shift analysis with reasonably good agreement with the 
experiment neglecting such other contributions to the 
absorption. It gives a mean free path at 65, 80, and 
120 Mev of 5.5X 10-" cm, 4.2 10-" cm, and 1.9 10-" 
cm respectively. Hence at 80- and 100-Mev incident 
energy we would obtain mean free paths of 4.2 10-" 
cm and about 3X 10-“ cm. However, the cross section for 
inelastic processes for bound nucleons in a nucleus will 
be smaller than the total cross section for free nucleons 
due to the Pauli exclusion principle and binding effects 
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requirement that the final nucleon state be previously 
empty. Thus these last values should be somewhat 
increased. 

A best speculation as to the true mean free path might 
be taken as 4X10~-" cm for all the above calculations 
with the particular choice of nuclear model and nuclear 
size. 
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Theoretical optical-model exact phase-shift calculations are given for the predicted elastic scattering 
of pions from aluminum at the energy used (79 Mev) in the experimental studies described in the preceding 
paper. The predicted curves show strong diffraction minima, not present in the experimental curves. We 
have emphasized a compariscn of the results of these calculations with those of more approximate methods. 
Sixteen choices of constant complex potentials were used for r<Ro for both x* and x~ mesons, with a 
Coulomb potential for r>Ro=3.600K. Here Ako=h/K is the momentum at infinity and #(4;+%k:) is the 
momentum for r < Ro. It is found that the predicted incoherent cross section ¢, and positions of the diffraction 
minima depend strongly on &,/ko for a fixed ky. Values of ¢,>2R¢ are obtained for relatively long nuclear 
mean free paths (24:)~ for incoherent processes for the attractive potentials which give best fit to experiment. 
The results of various modified Born approximation calculations are compared with the results of the exact 


calculations. 


INTRODUCTION 


N experimental program! has been undertaken at 

the Nevis Cyclotron Laboratories to investigate 
the elastic scattering of x* and x~ mesons by nuclei 
with better angular resolution and statistical accuracy 
than earlier measurements of this type.? Since measure- 
ments of this type can, in principle, yield considerable 
valuable information on the interaction of pions with 
nuclear matter, we believed that it was important to 


* Supported by the joint program of the Office of Naval Re- 
search and the U. S. Atomic Energy Commission. 

t This paper contains portions of a thesis submitted by Aihud 
Pevsner in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Faculty of Pure Science, Columbia 
University. 

t Now at the Department of Physics, Massachusetts Institute 
of Technology, Cambridge, Massachusetts. 

! Pevsner, Lindenbaum, Williams, and Rainwater, preceding 
paper [Phys. Rev. 100, 1419 (1955) ]. 

* Byfield, Kessler, and Lederman, Phys. Rev. 86, 17 (1952); 
J. O. Kessler and L. M. Lederman, Phys. Rev. 94, 689 (1954); 
A. M. Shapiro, Phys. Rev. 84, 1063 (1951). 


compare the experimental results with as exact theo- 
retical predictions as would be feasible. This led us to 
an examination of the methods then favored (1953) for 
the calculation of such scattering. We have also carried 
through a program of calculations of the scattering 
expected on the basis of an “optical model” using an 
exact phase shift analysis for various complex indices 
of refraction inside the nucleus, and using Coulomb 
wave functions outside the nucleus. These calculations 
provide numerous test cases to compare with the results 
of approximate methods often employed for this pur- 
pose. Several significant features of disagreement were 
found between the results of our exact calculations and 
the usual approximate methods, which we believe 
should be emphasized as giving important limitations 
on the applicability of the approximate analysis. These 
matters are discussed in some detail in the following 
sections. Most of these calculations were done in 1953. 
Since then many exact phase-shift calculations have 
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been carried out by others for electron and nucleon 
scattering from nuclei showing similar differences from 
the results of less exact calculations. 

A second general method of approach to the elastic 
scattering of fast particles by nuclei is based on the 
Born approximation, either directly or through the use 
of various modifications which are intended to include 
effects which are present in the scattering, but are not 
readily incorporated in the usual first-order Born 
approximation treatment. As is discussed in more 
detail below, the formulas resulting from this second 
approach include many features not present in the 
usual optical model approach, but which we believe 
should be present to some extent in a more exact 
theory of elastic scattering. Similarly, the concept of a 
change in phase relations due to the real part of the 
index of refraction inside the nucleus differing from the 
outside value, and the concept of extinction effects due 
to a noninfinite mean free path for absorption (non- 
coherent) processes in nuclear matter are special fea- 
tures of the optical model which are absent from the 
simple Born approximation analysis, but would be 
expected to be present to some extent in a more exact 
theory. We have tested various recipes for altering the 
usual Born approximation formulas to consider these 
latter effects and, by treating cases which were also 
treated exactly by the phase-shift analysis, are able to 
make detailed comparison with the results from the 
optical-model phase-shift analysis. These calculations 
and comparisons are presented in detail in the following 
sections. We shall not, in this paper, be mainly con- 
cerned with the fundamental theory*® used to establish 
the approximate validity of the differential equation 
which forms the basis of the usual optical model. 
Rather we shall emphasize the comparison of the pre- 
dictions of the various methods of analysis discussed 
above using what may be considered a semiempirical 
approach 


The Optical Model 


The introduction of the use of an optical model to 
the investigation of the elastic nuclear scattering of fast 
particles was due mainly to Fernbach, Serber, and 
Taylor’ (denoted by F.S.T.). They showed that fast- 
neutron elastic, interaction, and total cross sections 
when analyzed on this basis seemed to provide an 
excellent basis for interpretation of the experimental 
results. In carrying through their derivation of actual 
final formulas for comparison with experiment, how- 
ever, they made two important simplifications which 
are themselves not implied by the concept “optical 
model,” but which facilitated the analysis. These were: 
(1) A “uniform” nuclear model (U.N.M.) was assumed 
as has been customary in most treatments of nuclear 
processes. This considers a spherical nucleus of radius 


* See, e.g., K. M. Watson, Phys. Rev. 89, 575 (1953) 
* Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949). 
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Ry having constant nuclear density inside and zero 
density outside. (2) An approximate method was used 
to solve for diffraction effects similar to the usual 
approximate methods of dealing with interference and 
diffraction effects in physical optics, as opposed to 
exact solutions in terms of differential equations and 
boundary conditions. By adopting this approximate 
method, they were able to explore the general features 
of the theoretical predictions over an extended range of 
the free parameters to an extent that would require a 
prohibitively large program of calculations by the exact 
phase shift method. Thus they were able to present an 
excellent preliminary survey of the subject which could 
gradually be improved by testing it against exact calcu- 
lations for selected sets of parameters. It should be 
noted that they had in mind situations where Ro/X was 
much larger than the case we have studied. 

Recent experimental studies of u-mesonic x-ray 
transitions,® and the recent studies of the elastic nuclear 
scattering of fast electrons,® at Stanford in particular, 
indicate that the nucleus has a considerably higher 
density of nuclear matter near the center than was 
previously believed to be the case, with a gradual 
dropping off of the density in the outer regions (fuzzy 
edge). Since the basic “optical model” differential 
equations are capable of exact solution by a phase shift 
analysis of the various angular momentum components, 
the method need not, in principle or fact, limit itself 
to the approximate method of Fernbach, Serber, and 
Taylor. 

For the purposes of this paper we define the “optical 
model” as follows: The particle being scattered is 
represented at a large distance in terms of a modified 
plane wave plus an outgoing spherical wave from the 
scatterer, which we take as centered at the origin of 
coordinates. (When a Coulomb field is present, the 
plane wave is modified in the usual way.) At all points 
the wave equation for the particle can be represented as 


VW+ (kitikzy¥=0, (1) 


where &, and k, are real functions. In a region of zero 
potential energy k:= ko and k,=0, so 


kitik2=nky (2) 


introduces a complex index of refraction n. If absorption 
(incoherent) processes do not occur at 7, and the 
momentum is real (positive kinetic energy), then k,=0, 
and &, differs from ko due to a change in momentum 
(scalar value) from its value at large distances. When 
absorption (incoherent) processes occur at 7, k, is 
positive and is the inverse of the mean free path for 
absorption (of amplitude rather than intensity). When 
ry represents a classically disallowed point (negative 
kinetic energy or imaginary momentum) the situation 








* Val L. Fitch and James Rainwater, Phys. Rev. 92, 789 (1953); 
L. N. Cooper and E. M. Henley, Phys. Rev. 92, 801 (1953). 

* Hofstadter, Hahn, Knudsen, and McIntyre, Phys. Rev. 95, 
$12 (1954). 
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Fic. 1. Differential cross section for 79-Mev #x* mesons on 
aluminum calculated using phase-shift analysis on optical model 
for the nucleus, for V;= —30 Mev, V2=—15, —22, —30 Mev. 
Plotted points correspond to calculated points. 


becomes more complex. When the nonrelativistic 
Schrédinger equation is used, k; and k, are related to 
the real and imaginary parts (V,+iV 2) of the potential 
at r and to the energy E£. 


h?(k,+ik:)?/2m= (E—V\—iV3). (3) 
If the Klein-Gordon’ equation is used, then 
Ch(ky+iks)?= (E—-Vi—iV2)*— (me. (4) 


where m is the rest mass and £ the total energy. We 
have used (4) for relating &; and k, to a (V;+éV;) for 
nuclear matter in treating the x-meson scattering. In 
this paper we treat the potential, in analogy to the 
Coulomb term, as the fourth component of a four vector. 
Meson theory suggests that V might better be treated 
as a masslike term, but it is easy to “translate” our V to 
a corresponding V introduced in a different manner 
without altering the results. We normally consider 


7 Other methods of including the nuclear interaction could also 
give a complex & in the wave equation. Thus the interaction might 
better be taken as a mass term instead of the fourth component 
of a four vector. For a square well this would change the values of 
V; and V; for a given &; and &». It is also possible to construct 
a wave equation containing a term proportional to the gradient 
of the nuclear density. This gives a surface effect for a uniform 
nucleus. (We wish to thank Dr. Kislinger and Dr. Francis for 
discussions of their work on this matter method prior to publi- 
— of their results.) See also K. M. Watson, Phys. Rev. 89, 
$75 (1953). 
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Fic. 2. Differential cross section for 79-Mev * mesons on 
aluminum calculated using phase-shift analysis on optical model 
for the nucleus, for Vi —40 Mev, V;= —15, —30 Mev. Plotted 
points correspond to calculated points. 


situations where the scattering system is very massive 
relative to the incident particle and can thus consider 
laboratory and center-of-mass coordinates as equiva- 
lent. Elastic coherent scattering requires that there be 
no change in the internal wave function of the scatterer. 
Table IV of the preceding paper lists the param- 
eters studied for which a phase shift calculation was 
carried out. 

When a Coulomb term is present outside the nucleus, 
there is Coulomb scattering modified by the nuclear 
interaction. The analysis is similar in the relativistic 
and nonrelativistic cases if (a) terms quadratic in V are 
neglected in (4) for the region outside the nucleus, 
(b) if E/c* is used in place of the rest mass m for the 
outside Coulomb wave functions. The theory in this 
case can be found in Schiff.* His equations (20.24) and 
(20.10) give for the scattering amplitude: 


fO)= f.(0)-+ko® | (+1 )e40 sing P,(cosd), (5) 
l—0 





f-(0) = exp{ —ia In{'sin’(0/2)}+-2im), (6) 


 2ke sin*(6/2) 
where 
ett=T(1+i+ia)/P(1+l—ia) and a=Z,Z*/hv. 


*L. L. Schiff, m Mechanics (McGraw Hill Book Com- 
pany, Inc., New York, 1949), Sec. 20. 
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Fic. 3. Differential cross sections for Born approximation No. 1 
(described in text). x* and x~ curves for V;= —30 Mev, V;= —36 


Mev. Plotted points correspond to calculated points. 


Z,Z.¢e/r is the Coulomb potential and » is the velocity 
of the particle. The extended actual nucleus introduces 
an extra phase shift 4; in addition to the Coulomb phase 
shift . 

To actually carry out the calculation of the 4; values, 
a U.N.M. was used with a constant complex potential 
V,+iV, inside. Regular and irregular Coulomb wave 
functions were taken from the tables of Bloch, Hull, 
Broyles, Bouricius, Freeman, and Breit,’ and the tables 
of Coulomb wave functions prepared by the National 
Bureau of Standards.’ The method of using these tables 
and the details of the phase-shift calculations are given 
by A. Pevsner." 

“Two methods were used by Fernbach, Serber, and 
Taylor.’ In the one usually employed for comparison 
with experiment, the wave front is considered to pass 
through the nucleus without disturbing initial ray 
directions, and the relative phase and amplitudes of 
points on a wave front are considered after traversing 
the nucleus. All parts not in the geometric shadow of 
the nucleus have the same amplitude and phase. A point 
on a part of the surface for which the ray traversed 
nuclear matter has an additional phase { (k,—ko)ds, and 
is attenuated by a factor exp[— / kids | in amplitude. 

* Bloch, Hull, Broyles, Bouricius, Freeman, and Breit, Revs. 
Modern Phys. 23, 147 (1951); National Bureau of Standards, 


Applied Mathematics Series, Vol. 17. : 
® A. Pevsner, Nevis Report No. 3, 1954 (unpublished). 
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(Note: Our &; is half of their K, which refers to intensity 
attenuation.) The general diffraction formula is now 
used and the problem treated as the linear combination 
of a case where the amplitude and phase on the wave 
front are the same in the geometric shadow as elsewhere, 
giving no scattering, plus the case where the amplitude 
is zero outside the shadow, and equal to the (phase) 
vector change in amplitude due to the nucleus inside 
the shadow. The scattered radiation pattern is then 
that due to a flat circular area and depends only on 
sind for given k, Ro, etc., so it is symmetric about 90 
degrees. The absorption cross section asymptotically 
approaches rR, as K~. 

It is evident that the above angular pattern for the 
scattering can only be valid at small angles since 
symmetry about 90 degrees requires that all odd angular 
momentum terms be zero. The Born approximation 
calculation, which should become exact in the limit of 
weak interactions, depends on the vector change in 
momentum in scattering, g= 2k» sin(@/2). Thus an im- 
provement might be expected in their scattering for- 
mula, by replacing sin@ with 2 sin(@/2). They mention 
another formula, (9), which is based on a WKB phase 
shift analysis and involves a series in P;(cos@). This 
would be expected to extrapolate better to large angles. 
The errors in this method were discussed by Pasternack 
and Snyder." 

The F. S. T. approximate expression for o, in terms 
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“4S. Pasternack and H. S. Snyder, Phys. Rev. 80, 921 (1950). 
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Taste I. Calculated (total minus coherent-scattering) cross sections in mb, for 79-Mev x mesons on aluminum. 











thin ‘i , pe Fernbach, Serber, Taylor 
number l=0 l=1 i=2 i=3 t=4 i=S nd a © modified ® 
1 35.4 93.0 184.6 152.1 33.5 3.8 498.6 348.7 474.2 
2 27.3 82.5 144.0 88.6 18.7 2.1 361.1 276.2 342.5 
3 17.0 51.3 90.0 48.6 9.6 1.1 216.5 164.6 204.1 
4 4.1 12.4 22.0 10.5 1.9 0.2 50.9 38.4 47.6 
* 
5 26 89.8 125.6 68.5 5.8 2.5 325.0 280.7 3144 
6 0 0 0 0 0 0 0 vt ve 
7 36.8 121.9 156.5 95.4 24.5 1.5 435.1 414.9 427.3 
s 27.5 92.5 104.8 54.4 13.8 3.0 293.0 285.9 285.9 
9 17.3 59.1 61.2 28.7 6.7 1.0 173.0 171.6 171.3 
10 34.4 78.9 69.2 35.4 7.4 225.3 300.5 231.1 
11 39.0 119.4 205.9 162.9 43.8 571.0 443.1 549.4 
12 41.0 125.1 213.6 186.1 $7.2 623.0 489.3 611.6 
13 39.7 108.4 207.4 186.7 47.4 589.6 418.8 569.6 
14 41.6 117 217.0 208.7 60.6 645.1 476.2 635.4 
15 37.6 86.6 180.5 193.0 42.0 539.8 345.5 497.5 
16 43.0 112.4 215.0 242.9 73.2 685.5 464.9 688.1 
(21+ 1)9x* 43.7 131.1 218.5 305.9 393.3 480.7 1092.5 








® gmoditied i8 Obtained by multiplying the Fernbach, Serber, and Tavlor cross section by (4:/ke)'4. 





and of p and gq where f= (p+ig)/iko, are given in 
Pevsner," from which Figs. 10 and 9 of the preceding 


of \, has been used" in the analysis of meson scattering 
to obtain an estimate of the mean free path for absorp- 





tion of « mesons in nuclear matter from the experi- 
mental o,. Comparison of the approximate formula for 
74 With the results of our exact calculations shows good 
agreement for small o,/xR,*, but serious disagreement 
for larger K, since the exact calculation allows o, to 
exceed eR for relatively small values of KRo. The 
results are compared in Tables I and II. The discrepancy 
may be considered as due to the small number of / 
values required. In F. S. T. a summation over / values 
is replaced by an integral, and this approximation fails 
when only the first few / values are involved in the 
series. The last column of Table I labeled omoditiea iS 
obtained by multiplying the F. S. T. cross section by 
(k:/ko)'*. It is seen that the resulting values are in 
much better agreement with the exact values. Thus an 
attractive potential increases ¢, and a repulsive poten- 


paper and Figs. 1 to 7 of this paper can be calculated. 
It was found to be quite useful to make vector plots of 
f= (p+ ig)/2iko vs 6, of the type shown in Figs. 8 to 12, 
to interpolate values of do/dQ2 between the values 
calculated. This was particularly true in the region of 
the diffraction minima, where the exact angle of the 
minimum, and the value of the minimum cross section, 
could readily be found. Also, it served as a check on the 
over-all calculations since the resulting curves behaved 
in a regular fashion when no errors were made. If an 
occasional point seemed to be out of line with the 
general curve, an extra check was initiated and the 
Taste IT. Calculated (total minus coherent-scattering) cross 
sections in mb, for 79-Mev x* mesons on aluminum, 











tial decreases o,. It is not known how this result would as. bo Rae bn? les pet Zier 
be modified for a large koRo. Note that this effect is , M3. 888 1807 1427 246 4871 
different from the classical orbit distortion by the 2 28.0 79.2 152.1 81.0 13.7 354.0 
outside Coulomb potential, which also affects the $5 171 4B (967 442 7.0 213.8 
on pL neg he 4 42 117 241 9.5 14 50.9 
probability that a particle will strike the nucleus. 
In our phase-shift calculations koRo=3.600, so it 5 26.1 884 1329 615 116 320.5 


would be customary to neglect terms for />4. To be 


6 0 0 0 0 0 0 


b 7 36.2 122.6 100.9 85.3 8 3, 
certain that no errors were involved, however, we calcu- 4 68 937 1098 483 ne ~y 
lated terms through /=5, and it was evident from the ; a ; 
results that contributions from /> 6 would really be P4 yf ae ar << 4 see 
negligible. The theoretical angular distribution of the 11 390 1165 2100 149.9 32.4 547.8 
cross section has been calculated for the sixteen choices 12 408 1227 2149 1712 426 596.1 
of complex potential each for a and x listed in 13 400 1045 2106 1780 350 565.1 
Table IV of the preceding paper. Tables of values for 14 41.7 1385 2180 195.1 45.0 638.4 

am oe aie ; ‘ : 15 41.6 82.3 181.7 186.3 WS $22.7 
the calculated cross sections, the scattering amplitude /, ‘6 433 0a? 2126 ie OAS red 

2H. A. Bethe and R. R. Wilson, Phys. Rev. 83, 690 (1951); 
131.1 2185 3059 


Fowler, Fowler, Shutt, Thorndyke, and Whittemore, Phys. Rev. 
91, 135 (1953) 
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error found and corrected. The results for a number of 
cases are shown in Figs. 1 to 7. 

For comparison we also carried through a number of 
Born approximation type calculations, using various 
modifications of the usual Born approximation pro- 
cedure to try to obtain a better agreement with various 
features of the phase shift calculation results. The 
various procedures are listed as Born approximations 1 
to 5, and are discussed below. If /,(@) is the basic 
scattering amplitude for a point nucleus, then f,() f,(@) 
is the Born approximation scattering amplitude from 
an extended nucleus, where for a spherically symmetric 
distribution p(r) of nuclear density, 


- singr 
f,(@) f rot) ‘Yar, 
0 qr 


where ¢= 2% sin(@/2) is proportional to the momentum 
change in scattering, and we have the integral of p(r) 
normalized to unity over the nuclear volume. 

Born approximation | (modified).---We use f,(@) for 


a point nucleus: 


2m 2:22 
{.(0)= — 
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+4R,(t i+iV 2) (7) 
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aluminum calculated using phase-shift analysis on optical model 
for the nucleus, for V;= —40 Mev, V;= —15, —30 Mev. Plotted 
points correspond to calculated points 
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Fic. 7. Differential cross sections for Born approximation No. 1 
(described in text). x~ curves for V;= —30 Mev, V;= —30 Mev. 
Plotted points correspond to calculated points. 














ELASTIC SCATTERING OF PIONS ON Al 


For f,(6), the nuclear distribution form factor, use 
gi = 2k, sin(@/2) rather than go= 2k» sin(@/2), where ko 
and k=k,+ ik, are the values of k at r= ©, and inside 
the nucleus respectively. The use of &, rather than o in 
fo(0) brings the diffraction minima to about the same 
angle as for the phase-shift calculation. 

Also in fy, we weigh interior regions of the nucleus 
less than the surface by a factor e~*****~” to try to take 
account of the attenuation effects at least approxi- 
mately. Thus 
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Fic. 8. Plot of p+ig for x~ mesons from phase-shift analysis for 
10° to 75° scattering, where do/dQ= {?, p+ig=2ikof. Curves are 
plotted for V;= —20 Mev, V2= —1, —5, —10, —25, —35 Mev 


Born approximation 2 (standard).—Here we use 
Eq. (7) for f.(@) and use the regular Born approxi- 
mation also for f,(@). Thus, this is the usual first Born 
approximation. 


3 7 ssingy 
h=— f r’ (= “ar (9) 
Ro’ “6 qo 
Born approximation 3 (modified).—Here we use Eq. 
(10) for f,(@) and use g=2(k:+ik;) sin(6/2) for f.(6); 
thus g is complex. 
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Fic. 9. Plot of »+%q for x* mesons from phase-shift analysis 
for 10° to 75° scattering. 


Born approximation 4 (modified).—Here we do not 
separate {(@) into a product of f, and fh, since the 
external Coulomb contribution from the central protons 


























Fic. 10. Plot of re mesons from phase-shift analysis 
for O° to 150° scattering. 
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Fic. 11 


Plot of p+-ig for x* mesons from phase-shift analysis 
for 60° to 150° scattering 


is not attenuated, even if their short-range force effect 
is attenuated 
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Born approximation 5 (modified).—Here we used the 
same technique as in approximation 4, but without the 
attenuation. This differs from the true Born approxi- 
mation (No. 2) in that the potential is taken as constant 
for r<Ro, while in No. 2, the true inside Coulomb 
potential also appears. Thus this approximation agrees 
with the procedure for the phase shift calculations in 
holding V fixed for r< Ro. 

The results of the calculations are partly available 
from inspection of Figs. 3, 4, and 7. In general, the 
separation into f,f/, always gives a true zero at the 
interference minima except in approximation 3, when 
a complex g is used. When the outside go was used, the 
diffraction minima occurred at angles independent of 
the choice of V; and V3, while the phase-shift calcula- 
tions gave minima at angles that decreased as V, 
became more negative. The angles of the minima were 
well matched by the Born approximation calculation 
using g; rather than go for fy. 


(11) 
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RAINWATER 


Approximation 3 represents one attempt to obtain 
the proper damping of the diffraction minima. The 
calculations show considerable overdamping in this 
case. The results of approximations 4 and 5 also should 
not have true zeros, but they are much less damped 
than the phase-shift calculations results. 

The absence of strong diffraction dips in the experi- 
mental curves may represent the true situation for the 
elastic scattering, but it cannot be stated with certainty 
that such strong dips are not present in the true elastic 
scattering. This could occur through a combination of 
the effects of limited experimental angular resolution 
and statistical accuracy, plus the contribution from 
inelastic scattering at the elastic scattering minima. 
This inelastic scattering could contribute if the final 
nucleus were left in a state of only a few Mev excitation. 
In this connection we note that the minima for the 
elastic scattering in Born approximation occurs when 


G|>o; et tilt == (), 


where |i) is the nuclear ground-state function and r; is 
the position coordinate of one of the nucleons re- 
sponsible for the interaction. This implies that the 
state }°; e**''/|i) is orthogonal to the ground state and 
could correspond to a relative maximum in the inelastic 
scattering. 
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Fic. 12. Plot of p+ig for x mesons, for V:;= +20, 0, 
—10, —20 Mev, V;=—10 Mev; and also for V:= —30 Mev, 
V.= —15 Mev. 
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Schiff* has investigated the Born approximation 
results for the elastic scattering of high-energy elec- 
trons using various nuclear distributions. The Born 
approximation /,(@) is just the expectation value of 
(singr/gr) for the responsible nucleons. This is a real 
oscillatory function of gr. The oscillatory singr factor is 
multiplied by rp(r) so (singr/gr) tends to oscillate about 
zero as g increased if p(r) approximates a uniform 
distribution. The absence of strong diffraction effects in 
the original electron scattering experiments for Pb and 
Au were thus originally interpreted as implying that 
p(r) must be very peaked at r=0 like an exponentially 
decreasing function of r. Exact phase-shift calculations 
of Yennie, Ravenhall, and Wilson* showed that the 
Born approximation results were misleading for high-Z 
elements. Thus, for a uniform nuclear distribution, f(@) 
does oscillate in sign, but it is no longer a real function 
and passes some distance from the origin in the complex 
plane, to an even greater degree than we find in our 
calculations. This greatly decreased the diffraction 
effects and has led to their presently favored choice of 
an approximately uniform density in a main central 
region followed by a gradual dropping off in an edge 
region. The higher-energy electron elastic scattering 
does show damped diffraction minima'® which are 
relatively smaller in the regions where large quadruple 
distortions effectively increase the blurring of the 
edge region. 

For low-Z elements Yennie e/ al. find that the phase 
shift analysis gives much closer agreement with the 
Born calculation, as would be expected for weaker 
interaction. In the case of meson scattering, however, 
the interaction is much stronger than for the electron 
scattering. For a U. N. M. (uniform nuclear model) the 
Born analysis gives minima for gR=4.49, 7.73, etc., 
and this feature has been used in some cases of nuclear 
scattering to determine the effective value of R. In this 
connection it is interesting to note that our modified 
Born calculation using &; instead of ko to calculate g 

4 L. I. Schiff, Phys. Rev. 92, 988 (1953). 

* Yennie, Ravenhall, and Wilson, Phys. Rev. 95, 500 (1954). 

14° R. Hofstadter, Proceedings of Fifth Annual Rochester Con- 


ference on High-Energy Physics (Interscience Publishers, Inc., 
New York, 1955). 
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seems to give the position of the minimum in much 
improved agreement with the phase-shift value. This 
implies that the angles of the minima are decreased 
roughly in proportion to the ratio of the particle 
momentum inside the nucleus to that outside. For the 
experiments on the elastic scattering of ~20-Mev 
protons by nuclei the outside proton momentum is 
quite close to that of our ~80-Mev mesons and the 
effective nuclear potertial depths are comparable for 
mesons and nucleons. Thus we might expect a great 
similarity between the angular distribution of the 
scattering in the two cases. This is misleadirig, however, 
since the 20-Mev protons roughly double of triple their 
kinetic energy on entering the nuclear potential, while 
the fractional increase is much smaller for the 80-Mev 
mesons. Thus the protons would be expected to have 
their minima at considerably smaller angles than 
mesons of the same (outside) momentum. 

An additional possible qualitative feature of difference 
in the position of diffraction minima for electrons, 
mesons, and nucleons come from the absorption term. 
The nucleus is transparent to electrons but has a mean 
free path for incoherent processes of the general order 
of magnitude of nuclear dimensions for ~20-Mev 
nucleons and fast mesons. The ratio of this mean free 
path to the nuclear radius is energy-dependent and 
differs for nucleons and mesons. It is of interest to 
consider an extreme situation where the mean free 
path is very small compared to nuclear dimensions. 
If this situation is treated using a modified Born 
analysis, where contributions from interior regions are 
decreased by the attenuation factor of an incoming 
spherical wave, then (singr/gr) will only emphasize the 
outer regions of the nucleus and the minima will move 
to smaller values of gR, approaching w rather than 4.49 
for the first minimum. For a nuclear distribution having 
a gradual dropping off of p(r) in an extended edge region, 
this could lead to a continual increase in the effective R 
as the mean free path decreases. This would lead, 
according to this reasoning, to a decreasing angle for 
the minima, and also more pronounced minima when 
the relative contribution of the central region is 
decreased. 
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The existence in the region around the sun of a field-free cavity in the galactic magnetic field seems indi- 
cated by the low-energy cosmic rays that reach the earth from the sun. Such a cavity would be produced by 
the solar corpuscular emission. A mean radius of the order of 200 times the distance from the sun to the 
earth may be estimated for this cavity by balancing the flux of momentum against the lateral pressure exerted 
by a field of 10~* gauss. Such a cavity would trap cosmic rays of energy less than 100 Bev for periods long 
compared to a sunspot cycle, but does not seem to make possible a solar origin of cosmic rays. Expected 
fluctuctions in cavity size would explain the 4% fluctuation in cosmic-ray intensity observed by Forbush. 
A simple model of the cavity is considered in some detail, rates of escape from and entry to the cavity, 
acceleration by the Fermi mechanism, and change in energy density being estimated. More complicated 
models involving a solar magnetic field are considered briefly. 





HE existence of a galactic magnetic field of the 

order of 10-5 gauss, probably running along a 
spiral arm of the galaxy, is indicated by several argu- 
ments.! The position of the sun in the galaxy is such 
that this field would be expected to run through the 
solar system. The fact that low-energy cosmic rays 
associated with large solar flares have on several 
occasions reached the earth from the sun makes it 
seem unlikely that this expected magnetic field is 
present. This suggests an investigation of mechanisms 
that would exclude the galactic field from the solar 
system. The well accepted solar corpuscular emission,* 
which is called on to explain geomagnetic activity and, 
by Biermann,’ the deflection of comet tails, should 
produce just such a cavity in the galactic field since 
the gas emitted by the sun is such a good conductor 
that an external magnetic field can not penetrate into 
the region it occupies. This field-free cavity will confine 
low-energy cosmic rays to the neighborhood of the 
solar system for long periods more easily, apparently, 
than any other plausible field arrangement. An estimate 
of the properties of this cavity and its influence on 
cosmic ray phenomena will now be attempted. 

It is believed that the solar corpuscular emission is 
strongest in low solar latitudes.‘ Thus the cavity should 
be most extended in the sun’s equatorial plane. At the 
boundary of the field-free cavity there would not be a 
sharp discontinuity in the field. There should be, 
instead, a transition region into which the corpuscles 
penetrate as they transform their momentum into 
pressure exerted against the field. They might then be 
expected to flow out of the cavity along the lines of 
force since they could not cross the lines of force to 
re-enter it. A cavity formed by pushing back the lines 
of force in the vicinity of the sun should have long, 


'L. Davis, Phys. Rev. 96, 743 (1954). 

*K. O. Kiepenheuer, The Sun, edited by G. P. Kuiper (Univer- 
sity of Chicago Press, Chicago, 1953), p. 437. 

+L. Biermann, Z. Astrophysik 29, 274 (1951); Mem. Roy. Soc. 

iege, 4* series, 13, 291 (1953). 

‘L. Biermann (private communication). See also H. C. Van 
de Hulst, The Sun, edited by G. P. Kuiper (University of Chicago 
Press, Chicago, 1953), p. 311. 


slowly tapering horns whose axes lie along the original 
field direction. If this is taken to be the local direction! 
of the galactic spiral arm, then the angle between the 
axis of the horn and the equatorial plane of the sun,‘ 
and hence of the cavity, is approximately 60°. It is 
believed that the density of solar corpuscular radiation 
varies considerably, dense narrow beams being emitted 
from time to time in addition to a more or less steady 
weaker background, the activity being strongest near 
sun-spot maximum. Thus there should be local pulsations 
in the boundary of the cavity and a change of volume 
in phase with the sunspot cycle. 

The size of the cavity can be estimated by balancing 
the momentum flux of the diverging corpuscular 
emission against the lateral pressure, B*/8r, of the 
magnetic field. The momentum flux is due mainly to 
protons and at the distance r from the sun may be 
written as ,0,"m,(r./r)?, where n, is the number of 
protons per unit volume at r=r,=1.5X10" cm=1 A.U. 
(astronomical unit), the radius of the earth’s orbit, », 
is their mean radial velocity, and m, is the proton mass. 
The outward flowing gas is ionized but enough electrons 
are present to give electric neutrality in bulk. The order 
of magnitude of », is* 10° cm sec and that of B may be 
taken to be 10~* gauss. That of », is taken by Unsdld 
and Chapman‘ and by Biermann’ to be 10° cm~ at 
ordinary times and 10° cm~ during large magnetic 
storms. (Kiepenheuer’s value,? n,= 1 cm~, seems low.) 
Thus momentum balance is attained at 


r= 3X 10'*(10-*n,)!(10°B)(10-*r,)cm, (1) 


which is 2000 A.U. if each item in parentheses is unity 
as expected. This is likely to be an overestimate of the 
mean radius of the cavity since the solar corpuscular 
emission is believed to be stronger at low solar latitudes 
where we observe it than at high solar latitudes and 
since the magnetic field strength just outside the cavity 
is increased by its presence. To allow for these effects 
and for the possibility that the momentum flux past 

*F. R. Moulton, Astronomy (The Macmillan Company, New 


York, 1931), p. 333. 
* A. Unsdld and S. Chapman, Observatory 69, 219 (1949). 
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the earth was overestimated, let us provisionally 
consider as a model a cavity whose volume is 4r,,*/3, 
where the mean radius is taken to be r,.=200A.U. 
= 3X 10'* cm. For most purposes it will be satisfactory 
to further simplify the model by treating the cavity 
as though it were spherical. Note that even if Kiepen- 
heuer’s value of nm, were used in (1) it would result in a 
value of 7 that is only one-third of the value adopted 
for fm. 

To appreciate the effect of such a cavity on cosmic- 
ray particles one needs a formula connecting the mag- 
netic rigidity, R= Br.= pc/Ze statvolts, with the radius 
of curvature, r., of a particle of charge Ze and mo- 
mentum p moving normal to the field B. If r,’ is the 
radius of curvature measured in A.U. and R’ the 
rigidity measured in By (i.e., 10° volts) so that R’ is 
numerically equal to p in Bev/c when Z=1, then for 
B=10-* gauss 

R’=45r,’. (2) 


Hence a field-free cavity whose radius is 200 A.U. 
would have very little effect on the direction of motion 
of a particle whose rigidity is 10“ volts or higher. On 
the other hand, a particle in the cavity whose rigidity is 
less than 10" volts is essentially reflected when it enters 
the field at the boundary unless it has just the right 
direction of motion up the axis of the horn. Thus, the 
low-energy particles are trapped inside the cavity for 
times that will be séen below to be long compared to 
the sunspot cycle. It follows that the density of trapped 
cosmic rays is inversely proportional to the volume of 
the cavity and is a maximum near the minimum of the 
sunspot cycle when the corpuscular emission and hence 
cavity radius are a minimum. This provides a natural 
explanation for the observation by Forbush’ that the 
cosmic-ray intensity varies by 4% over a sunspot 
cycle, maximum intensity coming near sunspot mini- 
mum. If the total corpuscular emission is measured by 
indices of terrestrial magnetic activity, the phase fit is 
less satisfactory. 

In a quantitative treatment, allowance must be 
made for the fact that when the volume of the cavity 
increases, the particles lose kinetic energy on reflection 
from the moving boundaries. The amount of energy lost 
on the average is easily computed from the work done 
on external forces by the pressure. Let 


w= mc? = Ze(R?+R,?)} (3) 


be the total energy expressed in terms of the magnetic 
rigidity, R, and Ro=wo/Ze, where wo= moc is the rest 
energy. If there are n(R)dR particles per unit volume 
with rigidities in the range dR, then the pressure due 
to these particles is 


w— we ZeR*ndR 
neainiengall eareninsiinnen, 

3w 3(R°+ RF)! 

7S. E. Forbush, J. Geophys. Research 59, 525 (1954). 


dp= (4) 


1441 


When the mean cavity radius is increased very slowly 
by 4r,,, the energy of each particle will be decreased 
by this pressure times the volume change divided by the 
number of particles in the cavity in the rigidity range. 
Thus, the change in R is 


b6R=—R bra/tm. (S) 


The density at any particular value of R will change on 
expansion by 

R dn\ ir. 
ns Ps ey 
n dR/ r+. 


part of the change in density being due to the change 
in the number of particles per unit volume and part to 
the change in energy of each particle. If 


n(R)=kR“= ky (w*— we)”, (7) 


where variations of & and a with R can be neglected for 
present purposes, then 


én/n= — (2+) 5% m/Tm. (8) 


Since a is somewhere between 2.1 and 2.7 for the primary 
particles that make the main contribution to Forbush’s 
variation in ionization at sea level, we see that his 4% 
variation requires less than a 1% variation in 7. If r. 
averages 200 A.U. and varies sinusoidally with an 
11-year period, this requires a maximum radial velocity 
of the cavity walls of 3 km sec~. If this is regarded 
as reasonable, it remains only to show that particles 
are trapped in the cavity for periods long compared 
to the sunspot cycle and that there are no other 
processes that make a significant change in energy. 
It seems unlikely that any more rapid fluctuations in 
cosmic-ray intensity can be explained by changes in 
cavity volume because the travel time from the sun 
to the walls of a 200-A.U. cavity are 1 year for the 
corpuscles and 1 day for cosmic rays. 

To calculate the mean time required for a particle 
to escape from the cavity, consider the rates at which 
particles enter and leave. In a static magnetic field 
that varies slowly with position, the trajectory of a 
charged particle is approximately helical and always 
lies on the surface of the same tube of force. Thus if the 
motion of a particle at a great distance from the cavity 
defines a tube of force that swings around the cavity, 
the particle cannot enter the cavity. But if the tube of 
force is split by the cavity, ie., if it contains in its 
interior the line of force that runs up to the tip of the 
horn and there splits to form the boundary of the 
cavity, then the field is no longer approximately 
uniform over the cross section of the tube, being strong 
at the outside and zero at the center. A particle on the 
surface of this tube now has a radius of curvature that is 
much less than that of the tube and hence it enters the 
cavity. The rate at which particles enter is computed 
from the number of trajectories that encircle this 
axial line of force at a great distance from the cavity. 
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Let n.(R) be the value of m there and assume that the 
directions of motion are isotropically distributed. Let 
& be the constant angle, called the helix angle, between 
the magnetic field, B, and the velocity of a particle. 
Thus it moves on a cylinder of radius RB sind and 
there are 
(ted R/4r) (2x sinddd)x (RB sind )* 


particles per unit distance along the axial line of force 
whose helices encircle it, whose rigidities lie in dR, 
and whose helix angles lie in dd. Since each particle 
has axial velocity 


v cosd = cR(R?+R)- cosd, 


the rate at which particles in this rigidity range enter 
the cavity from both ends is V 2(R)dR, where 


Ng(R)=2n, (R)cR*/4B?(R?+ R?)!. 


Cosmic-ray particles can leave the cavity only along 
those trajectories on which a particle of opposite charge 
could enter. When there are no internal sources and 
sinks, the density inside the cavity, which will be 
denoted by n(R), will be equal to n,, and the rate at 
which particles leave the cavity will be equal to the 
rate at which they enter. When n¥n,, the rate at which 
particles leave is obtained by replacing n by n, in (9). 
Thus the probability that a particular cosmic ray of 
rigidity R escape in unit time is 


re '=3cR*/16r,2B?(R?+ Re). 


(9) 


(10) 


This gives rg=8.9X10* years as the average lifetime 
for the escape of a particle for which R=4 Bv; ie., 
a proton whose momentum is 4 Bev/c. At high energies 
rg is inversely proportional to R*® and hence to w*. The 
value of B to be used in (9) and (10) is that where the 
field is uniform, not that near the cavity. 

The most obvious factors that might make »n differ 
from m, are cosmic-ray emission and absorption by the 
sun, acceleration of cosmic rays within the cavity, 
and energy loss to electrons in the gas or to solar 
photons. The work of Feenberg and Primakoff* can be 
used to show that interactions with sunlight would 
remove from the cosmic-ray spectrum inside the cavity 
almost all electrons that might be present outside. 
Protons and heavier ions are not affected. In the 
notation of (1), the gas density may be estimated as 
n,(r./r)* if we neglect the variation of velocity with 
radius and ignore the increase in density in the fringing 
field. There should be no gas in the cavity that does 
not take part in the radial flow since it would be swept 
away just as the comet tails are. This leads to a mean 
density of protons and of electrons in the cavity of 
3n,(r./t)*, which is so low that losses to electrons by 
protons or heavy ions with R>1 Bv are negligible in 
times of the order of rg. Thus we need consider only 
emission and absorption by the sun and acceleration. 
Let P(R)dR be the number of cosmic rays produced 


* E. Feenberg and H. Primakoff, Phys. Rev. 73, 449 (1948). 
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per second by the sun in the rigidity range dR. The 
probability that a particle strike the sun in unit time is 


te = 3cr?R/47,°(R?°+Re)}, (11) 


where r, is the sun’s radius and it is assumed to have 
no general magnetic field. This is not important 
compared to escape until R drops to about § to 1 Bv. 
Since (6) gives the effect of a change in the volume of 
the cavity, consider now the case in which the walls 
pulsate locally but there is no change in volume. The 
mean time between collisions with the walls is of order 


bi =Tm/0=m(R?+Re)*/cR (12) 


and, as shown by Fermi,® the mean gain in total energy 
per collision is of order 6w=w8yw*, where Bw=vw/c is 
the ratio of the root-mean-square wall velocity to the 
velocity of ight. This gives 


R(R)=cBw?(R?+R?)*/rn (13) 


as the average rate of increase of magnetic rigidity. 
The steady-state equation for the cosmic-ray density 
in the cavity is found by equating the sum of the rates 
at which cosmic rays enter the rigidity interval 
dR (3PdR/4er,,* per unit volume due to production 
by the sun, #.(R)dR/rg due to entry from outside the 
cavity, and n(R)R(R) due to acceleration] to the sum 
of the rates at which they leave [m(R)dR/rz per unit 
volume due to escape to the outside, n(R)dR/r, due to 
collision with the sun, and n(R+dR)R(R+dR) due to 
acceleration out the upper end of the interval]. The 
result is 

Bw* d .’*, 2 

—— —{(R?+R,*)'n]+-=—+- > 


Fan i T Te 47, 





(14) 


where rt =7rg7'+17,;7. 

Equations (14), (10), and (11) enable us to estimate 
the effect of the cavity in any theory of the origin of 
cosmic rays. The trapping of cosmic rays by the cavity 
suggests that cosmic rays might be produced mainly 
by the sun and that nm, should be set equal to zero. If 
cBw<(cr,,/7)'=6X10* cm sec for R=4 By; i.e., if 
the wall velocity is substantially less than 60 km sec", 
the first term in (14) may be neglected and n becomes 
independent of r,,. If, as estimated by Firor, Simpson, 
and Treiman,” the production rate associated with 
smal] flares is P~2X10" particles sec? Bv~ for 
R=4 By, (14) and (10) give n=5X10-" particle 
cm~* By. The corresponding experimental value 
obtained from Neher’s" formula is n=5.6X10~" 
particles cm By~. The close agreement is obviously 
coincidence and further consideration makes the solar 
origin seem very unlikely. Since m varies with R approxi- 
mately as given by (7) with a~2.7, (14) and (10) 
imply that for R from about 5 to 100 Bv, P should vary 

* E. Fermi, Phys. Rev. 75, 1169 (1949). 


* Firor, Simpson, and Treiman, Phys. Rev. 95, 1015 (1954). 
" H. V. Neher, Phys. Rev. 83, 649 (1951). 
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as R-*** or R™*’. This seems an impossibly large 
production rate at high energies. At low energies P(R) 
must have an unexplained cutoff to account for the 
scarcity of low-energy cosmic rays. If it is assumed that 
the first term in (14) is not negligible and that the sun 
produces only low-energy particles which are accelerated 
by the Fermi mechanism, the rigidity, or momentum, 
spectrum becomes for R>Ro 


n= (C/R) exp[ — (3R*/32r,.2B'Bw*) }, (15) 
which does not agree at all well with (7). Agreement is 
possible only if the rate at which energy is gained for 
large R is proportional to R* rather than R. In addition 
to these difficulties in explaining the spectrum over 
the range in which particles are trapped in the cavity, 
a solar origin hypothesis breaks down completely for 
energies greater than 10 ev because protons of this 
energy are not trapped at all. 

If cosmic rays are mainly of galactic origin, then P 
is to be neglected in (14). At high enough energies the 
first term is also negligible and 


n(R)=n.(R)(1+4r72BR?)“, (16) 


This result is independent of the radius of the cavity. 
If B=10~* gauss, 2r,B=0.42 Bv. Thus at high energies 
the density in the cavity equals that in the rest of the 
galaxy, but for rigidities of the order of 1 Bv; i.e., 
kinetic energies of 0.4 Bev, m drops below n,. If cBw 
is of the order of 10 km sec™, the first term (14) also 
tends to reduce n(R) for rigidities below about 1 Bv. 
Although (14) thus predicts a smaller slope for n than 
for n, at low rigidities where n drops below the power 
law curve of (7), it does not give the sharp cutoff in 
n that is usually observed” near 1 Bv. 

The examination of this model suggests that the 
field-free cavity in a galactic field does not make 
possible a solar origin of cosmic rays and that with a 
galactic origin the major observations it can explain 
are the 4% intensity variation found by Forbush 
and the absence of primary electrons. It suggests that 
primary energies greater than 10" ev will be required in 
studying sidereal time variations since lower-energy 
particles will be made isotropic by the cavity. There 
seem to be no obvious observations that exclude the 
possibility of such a cavity although there are a number 
of things, such as the report by Neher and Stern" that 
in 1954 there was no cutoff for protons down to 150 
Mev, that will be as hard to explain on this basis as on 
any other. 

Since the model that has been considered is quite 
speculative, consider briefly possible modifications. 
Variations in 7,, due to variations in the values of the 
parameters used in (1) are easily allowed for. If the 
corpuscular emission consists exclusively of discrete 
clouds with no continuous background, they will 


® Ellis, Gottlieb, and Van Allen, Phys. Rev. 95, 147 (1954) 
4H. V. Neher and E. A. Stern, Phys. Rev. 98, 845 (1955). 
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penetrate the galactic field by passing between the 
tubes of force as in the Chapman and Ferraro theory of 
geomagnetic storms rather than pushing the field back 
as a whole. In this case the galactic field will contain a 
number of small but expanding cavities that fly out from 
the sun. Because of the expansion each will be greatly 
deficient in particles of rigidity much less than that at 
which particles enter the cavity freely; i, R’ 
< (45r.") By, where r,’ is the cavity radius in A.U. 
Fluctuations ascribable to such cavities do not seem to 
be observed. It should be pointed out, though, that 
this suggests a process which if it turns out to be possible 
would invalidate the argument used to conclude 
that there is no interplanetary field. If these clouds 
originate in regions containing solar magnetic fields, 
they will carry the fields away with them. If they 
originally contain particles of low cosmic-ray energies, 
these will be trapped. The particles will be decelerated 
as the magnetic field is reduced by the expansion of the 
cloud, but if the walls pulsate enough they may be 
accelerated by the Fermi mechanism. It is just possible 
that this may allow low-energy cosmic rays to reach 
the earth from the sun at the time of large solar flares 
even though there is no field-free cavity in the galactic 
magnetic field. 

It has been tacitly assumed thus far that the sun has 
no general magnetic field. This would be an acceptable 
model were it not for the recent work of Babcock and 
Babcock"* which indicates a general field having a 
total flux in polar regions of the order of &, = 10" to 10” 
gauss cm?. If the field outside the sun corresponded to 
that in vacuum, then regardless of the current distri- 
bution inside the sun this would require an equatorial 
field just outside the sun of at least a substantial 
fraction of a gauss. If the argument used in deriving 
Eq. (1) is applied to this case, it will be seen that the 
corpuscular emission will be able to push this field 
outward if m, is greater than about 500 cm~™ at the 
radius of the earth and »,~ 10° km sec™. If the mo- 
mentum flux is an order of magnitude smaller, it is 
not easy to see why such a general solar magnetic 
field would not confine the entire solar corpuscular 
emission to the immediate neighborhood of the sun 
except for discrete clouds that could penetrate through 
the field to the earth. This would appear to constitute 
an argument either against the small corpuscular flux 
proposed by Kiepenheuer*® or against a general solar 
magnetic field. A detailed development of a model of 
the cavity when there is a solar field has not been 
attempted. Two possibilities are indicated in the 
figures, which show the simplified case in which the 
sun’s axis is parallel to the galactic magnetic field. In 
Fig. 1, the solar field is shown emerging from the polar 
regions and at lower latitudes pressed in a thin layer 
against the wall of the cavity by the corpuscular 
emission. Presumably the solar field in this region would 


"4H W. Babcock and H. D. Babcock, Astrophys. J. 121, 349 
(1955). 
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Fc. 1. A possible disposition of a solar magnetic field inside the 
cavity in the galactic field. The arrows represent the solar corpus- 
cular radiation 


have a strength of the order of the galactic field so that 
the thickness of the layer would be #,/2x7,,.B, which 
would be (2/3r,,’) A.U. if 7,’ is in A.U., B=10~* gauss, 
and ,= 10" gauss cm?. Cosmic rays of galactic origin 
will not be able to enter the cavity easily unless their 
radii of curvature are of the order of this thickness. 
Hence (2) gives (30/r,,’) By as the order of magnitude 
of the rigidity cutoff. This is somewhat small if r,,’= 200 
A.U., but it would not take large shifts in the various 
parameters to get a result consistent with experiment. 
In this case after the corpuscular radiation is stopped 
by the field it will flow along the lines of force and back 
into the sun at the poles. 

Another possibility, shown in Fig. 2, is that the solar 
magnetic field extends to infinity in a cylindrical tube 
along the horns of the original cavity model. This 
would be expected if the solar field had originated from 
a concentration of the galactic field as the sun condensed 

















Fic. 2. Another possible disposition of a solar magnetic field. 
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from the galactic gas. At a great distance from the 
cavity, the radius of the tube containing the sun’s field 
would be r,= (@,/xB)'~1A.U. if B=10-* gauss there 
as expected. The effect of this is to increase greatly the 
ease with which low energy cosmic rays can enter and 
leave the cavity because now their helices at infinity 
need only intersect this tube. The resulting mean time 
for escape becomes 


1 3er fR 
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in place of (10). This differs but little from that for the 
simplest model for rigidities above 100 Bv. At lower 
energies this 7g~' dominates both the first term of 
(14) and 7, down to rigidities of a few million volts, 
and hence n=n, throughout the range of interest. 
If 7,., is as small as 20 A.U. then on this model 2rrgz 
becomes comparable for R=4 Bv with the period of 
the sunspot cycle and the phase of maximum cosmic- 
ray intensity is advanced toward the time when the 
cavity radius is decreasing most rapidly. 

In any model having a general solar field, the corpus- 
cular emission in the polar regions will follow the lines 
of force and will not enter the cavity. Also the well- 
known difficulties due to the rotation with the sun of 
the field and the entrapped gas will introduce compli- 
cations into these oversimplified models. 

In conclusion it seems fair to say that although the 
specific properties of the field-free cavity cannot be 
given with assurance at present, the basic arguments 
set forth at the beginning of this treatment for an 
interplanetary field of this character still seem reason- 
ably strong. The discussion of its effects on cosmic rays 
shows that the possibility of such a cavity should not 
be ignored. 

It is a pleasure to acknowledge the fact that work 
on this subject was started following a discussion by 
Dr. E. A. Stern of the effects on cosmic rays of a rather 
different interplanetary magnetic field. Discussions 
with and suggestions from Professor L. Biermann, 
Professor J. L. Greenstein, Professor H. V. Neher, and 
Professor O. R. Wulf have been most helpful. 
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Proton-Proton Polarization at 170 Mev* 


Davip Fiscuer anp Joun BALpwin 
Radiation Laboratory, Department of Physics, University of California, Berkeley, California 
(Received June 13, 1955) 


The proton-proton polarization has been measured at 170 Mev. The data have been fit to a curve of the 
‘ form P =sin@ cos#(a+8 cos*®), yielding a=0.31+0.09 and 8=0.30+-0.14. A comparison is made with results 





obtained at other energies. 





INTRODUCTION 


URING the past several years the group of 

Segré, Chamberlain, Wiegand, and co-workers has 

been studying experimentally neutron-proton and 
proton-proton scattering. 

Recently a polarized proton beam has been obtained 
from the cyclotron.! This has greatly increased the 
amount of information obtainable from scattering ex- 
periments. 

Some of the results of experiments at about 315 
Mev have been reported in the past. It is interesting 
to extend them to lower energies for several reasons: 
(a) at lower energies fewer partial waves are involved 
and the analysis ought to be simpler; (b) data at lower 
energies will supplement the data at 300 Mev and help 
in the choice of the correct set of phase shifts in case of 
multiple solutions. Chamberlain and Garrison? have 
investigated the angular distribution and Pettengill* 
has measured the total cross section at about 170 Mev. 

We now report measurements on the polarization 
obtained by scattering at this energy. Similar work at 
130 Mev has been done by Dickson and Salter‘ at 
Harwell. 

APPARATUS 


The beam used was rectangular in cross section, 2 
inches vertical by 4 inch horizontal. This was monitored 
at low beam intensities with two thin counters, called 
“qa” and “b,” and at high beam intensities with an 
argon-filled ion chamber. A three-counter telescope 
was used to detect the scattered protons. Absorbers 
were placed between the telescope counters Nos. 1 and 
2, and between 2 and 3. The counters were plastic 
scintillators viewed by 1P21 photomultiplier tubes. 
Counter No. 1, the nearest to the target, was defining 
and was 1 in. wide by 6 in. high. The target used was 
a 1.0-g/cm? liquid hydrogen target. 


BEAM 


The 170-Mev polarized beam was obtained by de- 
grading the 315-Mev polarized beam.' The beam in- 


* This work was done under the auspices of the U. S. Atomic 


Ener ommission. 
Chamberlain Segré, Tripp, Wiegand, and Ypsilantis, Phys. 
ne, 93, 1430 (1954). 
20. Chamberlain and J. Garrison, Phys. Rev. 95, 1349 (1954). 
4 Gordon Pettengill, University of California Radiation Labora- 
tory Report No. UCRL-2808, December, 1955 (unpublished). 
* J. M. Dickson and D. C. Salter, Nature 173, 946 (1954). 


tensity was approximately 1.5 10* protons/sec. Figure 
1 shows the plan view of the cyclotron and experimental 
area. During most of the experiment the beam was 
degraded by beryllium bricks placed at position A. 
By placing the degrader before the bending magnet we 
could obtain a fairly monoenergetic beam. This beam 
had an energy of 174-10 Mev. Some data were taken 
with the beam degraded by graphite plugs at position B. 
This beam had an energy of 18517 Mev. 


EXPERIMENTAL PROCEDURE 


The position of the beam at the hydrogen target was 
determined by exposing x-ray film to the beam. A 
transit at the rear of the experimental area, located 
approximately on the beam line, was trained on the 
center of the beam spot of the developed film. The 
scattering table was moved to place the center of the 
target windows on the center of the beam, 

The beam energy and energy spread were determined 
by taking a Bragg curve with two ion chambers. The 
counters were plateaued against high voltage on the 
photomultiplier tubes. Counting rates were measured 
with variable delays in each of the counters. This gave 
the proper delay in each line and gave a measurement 
of the time resolution of the equipment. 

In order to accurately determine the zero of © the 
counters were swept through the beam and the counting 
rate was measured for small angles. Figure 2 shows 
typical results for such measurements. 

The counter telescope was then swung to larger 
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Fi. 1. Plan view of the 184-inch cyclotron and experimental area. 
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Fic. 2. Typical counting rate in telescope for small 
angles, versus lab angle 0 


angles to measure asymmetries. At each angle the 
following counting rates were determined: 


(a) Target.—The 1-2-3 coincidence counts per inte- 
grator volt with the target (either the 1.0-g/cm? H, 
target or the 2.18-g/cm? Be target) in the beam. 

(6) Blank.—The 1-2-3 coincidence counts per inte- 
grator volt with a blank target in the beam. The blank 
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Fic. 3. Proton-proton polarization at 170 Mev, 
versus center-of-mass angle @. 
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target for H, was similar to the H; target except that it 
contained no Hz, while that for the Be consisted of no 
target at all. For this measurement an absorber equal in 
stopping power to the target was added to the counter- 
telescope absorber. 

(c) Accidentals—The 1-2-3 coincidence counts per 
integrator volt due to accidental coincidences. This was 
determined by adding a delay of 6X 10~* sec (the time 
between the cyclotron rf pulses) to counter No. 1. 
The accidental rate was determined to be negligible 
at all angles measured. 


At each angle the above measurements were made for 
scattering to the left and to the right. (“Left”’ and 
“Right” are as seen by an observer looking in the 
direction along which the beam is moving.) 

The ratio of blank to target rates varied from about 
0.35 at O@=10° to about 0.10 at O=35° for the H, 
runs, and was about 0.05 for the Be runs. 

With the beam degraded at position A (see Fig. 1), 
measurements were made on H, for 9= 10°, 15°, 22.5°, 
30°, and 35°. Beryllium measurements were made at 
13°. Several runs were made at each angle for Hz. A 
run was made on Be each day to determine whether 
the beam polarization changed from day to day. These 
Be checks were in good agreement. Finally measure- 
ments were made at 13° with Be and the beam degraded 
at position B. This last measurement was made in 
order to determine the polarization of the beam, which 
was degraded at position A. The polarization of the 
full-energy (315-Mev) beam is known to be 0.76+0.03.° 
It is assumed that the polarization of the full-energy 
beam is not changed appreciably in degradation.® 
Therefore, measurements made on Be with the beam 
degraded at B determine the polarization of Be at 13° 
at the degraded energy. When the beam is degraded 
at position A it is not guaranteed that the same com- 
ponent of the internal scattered protons is steered into 
the 46-inch collimator as is steered in with the full- 
energy beam. Thus measurements made on Be with 
absorber at position A served to calibrate the polari- 
zation of tliis beam. 


Tae I. Values of th goer ye at mean 
scattering energy of 1702-14 Mev.* 











# 6 a e ae P AP 
10° 20.8 1.9 0.183 0.025 0.241 0.036 
15° 31.3° 2.5 0.169 0.015 0.222 0.024 
22.5° 46.8° 3.4° 0.162 0.013 0.213 0.032 
30° 62.2° 3.9° 0.137 0.024 0.180 0.034 
35° 72.4° 47° 0.071 0.028 0.093 0.037 











* @ is the lab scattering angle, @ is the center-of-mass scattering angle, 
S@ is the rms angular resolution, ¢ is the asymmetry, 4¢ is the rms un- 
certainty in ¢, P is the polarization, and AP is the rms uncertainty in P. 

* T_J. Ypsilantis, University of California Radiation Laboratory 
Report No. UCRL-3047, June, 1955 (unpublished). 

* L. Wolfenstein, Phys. Rev. 75, 1664 (1949). 














p-p POLARIZATION 


RESULTS 
Counting rates due to the target were determined by 
I = (Target) — (Blank). 
Asymmetries were determined by 
T(®) tr —T(O) riers 


ts I(@) re’ O) riers 





were /(©)ieft refers to the target effect for a scattering 
at a laboratory angle of (@) to the left. The Be asym- 
metry for the position A degraded beam was 0.443 
+0.013. The Be asymmetry for the position B de- 
graded beam was 0.437+0.014. These agree within 
the statistical error of the measurements. Therefore 
the beam which was used for the H measurements 
(position A) had a polarization of 0.76:+0.05. The 
results are summarized in Table I. The polarization 
as a function of @ is shown in Fig. 3. The errors quoted 
are due to counting statistics only. 

In p-p scattering, the product of the polarization and 
the unpolarized differential scattering cross section, 
Po, may be expressed as 


oa 
Pa =sin6 cosé + a2, cos?"6. 
remedy 


The results of the 300-Mev experiments show that a 
good fit should be obtained by including in the sum 
only ao and a. If one assumes that the p-p unpolarized 
differential cross section is constant in the center-of- 
mass system, then he should expect P(6)/sin@ cos@ to 
be expressible in the form 


P(@)/sin@ cos6= a+ 8 cos’é. 
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Fic. 4. P(6)/siné cos6 versus cos*#. The solid line is the least-squares 
fit of the data to a curve of the form a+ cos¥. 
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Fic. 5. Least-squares values for ae and a; in the expansion 
Pa/sin@ cos? = ao+ a, cos, versus energy. 


Figure 4 shows P(@)/sin@ cos@ vs cos*@ together with the 
least-squares fit to the data. The least-squares values of 
the parameters are 


a=0.31+0.09, 8=0.30+0.14. 


The values of ao and a, are then simply the product of 
a and 8 above times the average value of the 170-Mev 
differential cross section,’? which is taken to be 4.16 
mb/sterad. 

Figure 5 shows a» and a, vs energy. The data used 
were from Harwell‘ at 130 Mev, Berkeley at 170 and 
300 Mev,’ and Carnegie Institute of Technology’ at 
415 Mev. The errors are mean-square errors, and reflect 
the uncertainties in the asymmetries only, and not 
those in the differential cross section or beam 


polarization. 
CONCLUSIONS 


The existence of an appreciable cos’? term in 
P/sin@ cos@ indicates considerable contribution to the 
scattering by waves of 123. The internal consistency 
of the data does not permit us to make any estimate of 
the cos? term. 
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Nuclear Capture of Negative K Mesons in Emulsion* 


W. F. Fry, J. Scuweps, G. A. Swow,t axp M. S. Swami 
Department of Physics, University of Wisconsin, Madison, Wisconsin 
(Received July 22, 1955) 


Thirty stars produced by stopped negative K mesons were found by area scanning in pellicles exposed 
to the Berkeley Bevatron accelerator. The ratio K~/x~ at 90° to the incident 6.2-Bev proton beam was 
found to be (0.764-0.11)X 10™ for an average momentum of 240 Mev/c. In four cases, charged hyperons 
were emitted from the stars, of which three are interpreted as 2* hyperons and one as a 2~ hyperon. In 
two additional cases the stopped K~ meson produced a hyperfragment. From 8 of the 30 stars, charged 
x mesons were emitted. The 30 events are all consistent with the production of a neutral or a charged 
hyperon upon the absorption of the K~ meson. The production ratio of 2 hyperons to A® hyperons is esti- 


mated to be of the order of 9/21. 





INTRODUCTION 


YEVERAL examples of the nuclear capture of 
negative K mesons from cosmic rays have previ- 
ously been reported.'~? A systematic study of negative 
K mesons from the Brookhaven cosmotron has been 
made by Hornbostel and Salant.’ Also, preliminary 
results regarding K~ mesons from the Berkeley acceler- 
ator have been recently reported.’ In several! cases, the 
observations clearly show that the nuclear capture of a 
K~ meson can lead to the production of a A° particle or 
a charged hyperon. In fact, the observations are 
consistent with the assumption that a hyperon is 
always produced when a negative K meson is absorbed. 
The various theories" relating to the heavy unstable 
particles predict that the nuclear absorption of a 
negative K meson will always lead to the production of 
a hyperon. A study of a large number of events could 
furnish a more rigorous test of such theories. Further- 
more, a fruitful way to study the interactions and 
preperties of hyperons may be to find a large number 
of negative K-meson events. 
A large number of questions arise about the details 


* Supported in part by the U. S. Atomic Energy Commission, 
and by the Graduate School from funds supplied by the Wisconsin 
Alumni Research Foundation. 

t On leave of absence from Brookhaven National Laboratory. 
Present address: Naval Research Laboratory, Washington, D. C. 

‘LL. Leprince-Ringuet, Revs. Modern Phys. 21, 42 (1949). 

*W. F. Fry and J. J. Lord, Phys. Rev. 87, 533 (1952 

* Lal, Pal, and Peters, Phys. Rev. 92, 438 (1953). 

*Amaldi, Baroni, Castagnali, Cartini, Franzinetti, and Man 
fredini, Nuovo cimento I1, 207 (1954). 

* H. DeStaebler, Phys. Rev. 95, 1110 (1954 

* Freier, Anderson, and Naugle, Phys. Rev. 94, 677 (1954). 


’ Friedlander, Keefe, Menon, Johnston, O’Ceallaigh, and 
Kerman, Phil. Mag. 46, 144 (1955). 
* J. Hornbostel and E. O. Salant, Phys. Rev. 93, 902 (1954); 
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of the nuclear capture of K~ mesons. Photographic 
emulsions may provide information relating to certain 
aspects of the following problems; (1) the relative 
production of 2 and A hyperons, (2) the ratio of negative 
to positive 2 hyperons, and (3) the probability of 
capture of a A hyperon and possibly a 2 hyperon" into 
a nuclear fragment. 

It is certainly not clear that all of the observed K- 
mesons are the same type of particle. Perhaps the 
study of K~-meson interactions in emulsions will shed 
some light on this problem. 


EXPOSURE 


A stack of Ilford G-5, 2 in. x4 in. 600-micron thick 
pellicles was exposed in a momentum-analyzed channel 
from the Berkeley bevatron. The channel that was 
used for this K-meson exposure was designed and built 
by members of Professor Richman’s group and has 
been described elsewhere.'? Therefore a detailed descrip- 
tion will not be given here. The channel consists of 
four quadrupole strong focusing magnets followed by a 
deflecting magnet. The system is so designed that 
particles of a given momentum, leaving the target at 
90° to the beam direction, are focused at some point 
beyond the deflecting magnet. The plates were placed 
directly behind the deflecting magnet. Each pellicle 
was placed vertically so that the particles that traversed 
a given pellicle were of the same momentum. The 
momenta ranged from 207 Mev/c (E=42 Mev) to 256 
Mev/c (E=63 Mev) from one edge of the stack to the 
other. A tantalum target, } inch thick in the beam 
direction, was used. A total flux of 4.2 10" protons of 
6.2 Bev traversed the target. The mean range in the 
emulsion of the K mesons was about 1.8 cm. The 
average time of flight of the K~ mesons is 2.0 10~ sec. 

This exposure gave a flux of fast x mesons of 1.8 10* 
per cm’. Approximately one K~-meson star was found 
in every two and one-half plates. 

" W. F. Fry and M. S. Swami, Phys. Rev. 96, 809 (1954) and 
Fry, Schneps, and Swami, Phys. Rev. 99, 1561 (1955). See also 
theoretical discussions of R. Utiyama and W. Tobocman, Ph 
a jo Rng (1955) and A. Pais and R. Serber, Phys. Rev. 99, 


® Kerth, Stork, Birge, Haddock, and Whitehead, Phys. Rev. 
99, 641(A) (1955). 
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NUCLEAR CAPTURE OF NEGATIVE K MESONS IN EMULSION 


SCANNING 


The plates were area scanned with a magnification 
of 100X for stars produced by stopped particles. Only 
the region of the plate was scanned where the K 
particles would be expected to stop. Since the mo- 
mentum of the channel was not accurately known, a 
relatively wide strip was scanned initially, and then 
the width of the strip was gradually narrowed down as 
more K mesons were found. In the bulk of the plates a 
strip 1 cm wide and 5 cm long was scanned in each 
plate. A total of 66 plates was scanned. 

The incoming track, from every star produced by a 
stopped particle, was followed back until it was possible 
to decide as to whether it was produced by a #~ meson 
or a K~ meson. In order to make certain that the stars 
were produced by AK mesons, the grain density along 
the incoming track was measured at a known residual 
range. 

The decision, as to whether a star was produced by 
a K~ meson or a x~ meson, was made solely on the 
nature of the incoming track. Any track which appeared 
to stop with a hint of an associated track was investi- 
gated. For these reasons it seems very unlikely that 
there was much bias toward finding large stars in 
comparison to small stars. In fact, many of the incoming 
K--meson tracks were recognized before the star was 
observed. However it must be borne in mind that 
nearly all of the K mesons which stopped without 
causing any star (the so-called Kp) would have been 
missed. Also an appreciable fraction of the stopped K- 
mesons which have only an associated minimum track 
would not have been observed in the method of scanning 
that was employed. Previous investigations of Horn- 
bostel and Salant*® have shown that the number of K- 
endings with only one lightly ionizing particle is quite 
small. 

RESULTS 


From the scanning of 66 plates, 27 negative K-meson 
stars were found. In addition 3 K~-meson stars were 
found in plates exposed to fast x mesons and protons, 
and are included in this paper. The average flux of fast 
x mesons in the K plates was 1.8X10* mesons/cm’. 
The flux of K~ particles which produce stars was 1.36 
K~/cm*. The ratio K~/x~ was found to be (0.76+0.11) 
xX10-. Chupp ef al.® found one, or possibly two Kp 
events in 22 K~ stoppings, therefore our omission: of 
Kp events will not appreciably change the above ratio.” 
The principal features of the 30 K--meson stars are 
summarized in Table I. The details of some stars which 
have hyperons and charged + mesons are given in 
Table II. 

A total of four charged hyperons was observed, of 

% Chupp ef al., reference 9 (University of California Radiation 
Laboratory Report UCRL 3009), gives for the K~/x~ ratio, 
(1.740.5)X10~, for particles with momentum 350 Mev/c. We 
have also measured this ratio in a second exposure, based on 60 


additional K~ mesons of ave momentum 270 Mev/c, and 
found the ratio to be (0.7740.07) X10. 
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Fro. 1. The prong distribution of X~ stars is shown 
in the histogram. 


which one 2* decayed from rest into a proton, one =* 
decayed into a proton in flight, one 2 decayed into a 
light meson from rest, and one =~ came to rest and 
produced a one-prong star. In two cases a hyper- 
fragment was produced. 

The prong distribution of the K--meson stars is 
summarized by a histogram shown in Fig. 1. The 
average number of prongs is 3. Charged # mesons are 
observed from only 8 of the 30 K~ stars. Five of the r 
mesons have energies ranging from 20 to 75 Mev and 
the other three have energies greater than 100 Mev. 
Two fast nucleons and one fast hyperon are observed 
from three of the stars. It is interesting to note that 
the visible kinetic energy of the charged particles from 
the K~ stars is only a small fraction of the rest mass of 
the K~ meson, if the stars with fast # mesons are 
excluded. ; 

One or more low-energy electrons (15 kev <£,<0.5 
Mev) are observed from the K~-meson stars in seven 
of the thirty cases. A photograph of a K~-meson star 
with two low-energy electrons is shown in Fig. 2. It is 





Fic. 2. The photograph of event 11 is shown above. The two 
low energy electrons (indicated by the arrows) as well as the 
absence of a recoil suggests that the K~ meson was captured in 


a heavy element such as Ag or Br. 
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Taste I. Genera! characteristics of K~-mescn stars. 





Total Total 
residual residual 
Event Track Probable Energy momentum Event Track Probable Energy momentum 
° No identity Mev Mev/e | No No. identity Mev) Mev/c 
1 ’ a 13.0 670 | 16 1 a 70.3 ‘414 
2 a 42.0 2 x 62411 d 
5 p 13.8 | 
} 17 1 p 12.1 133 e . 
2 | p 34.0 246 2 p 6.0 
2 Be*> 1.1 | 3 aB™ 2.2 
3 p 10.0 | 
4 p 28.0 18 1 Be*» 1.1 720 
2 p 75.0 s 
3 I p 66+9 232 3 a O 
2 a 70 
3 z 8.3 19 1 r 6O+15 323 
4 Lit 4.7 2 p 40.0 
B® 1 o 
4 1 p 19.5 206 | 
2 p 12.5 | 20 1 5 ~100 340 
3 Be’ 1.1 2 p 19.0 
4 , ~100 3 BY 19.0 
5 I p 9.7 300 21 1 a 11.2 463 
2 a 1.9 2 p 20.0 
a 11 3 3 a 98 
4 a 94 4 p 15.8 
6 1 a 20.1 390 22 l ,B¥ 1.1 200 
2 p 46 
7 1 p 20.0 326 3 p 6.3 
2 p 8.8 
; z* 43+11 23 1 p 8.0 770 
4 a 20.0 2 p 78 
3 p 16.5 
x | p 6.7 108 4 a 18.0 
| 7.5 
) 1 a 10.5 540 6 a 9.0 
) 1 7.2 
z t 24.3 24 Be®t 4.5 217 
4 - 12.7 2 . 22+2 
10 1 p 82 274 25 | Li® 38 325 
} Pd 323 2 p 12.7 
3 a 11.2 3 a 5.7 
4 p 99 4 rT 73 = 13 
5 , ~100 ’ “ 17.0 
11 1 a 21.0 192 26 l p 24.5 230 
2 pe 22.0 2 a 6 6 
3 Li* 1.7 3 " 6./ 
12 a 10.1 92 a : a” y- 415 
Be 16 : p 11.0 
2 3 p 2.5 
13 ’ . 13.6 340 : > ' r 
2 p 13.0 ] ; 
3 p 7.6 2 e o 
4 e 52.0 7 ; or ad 
5 ” 33.0 3 » O44 15 
14 1 a 20 570 29 1 > 65 115 
2 a 1! 
30 1 © ~100 213 
15 1 z* 7.2 300 2 p 49 
2 . 72412 3 p 10.8 
; B® 3.3 4 a 15.0 


* The identity given in this column describes the charge of the particle correctly but not the m ass, ¢.¢., p could equally well be a d or ¢ 
» This indicates a very short recoil track (~2,). The identity given in the table is assumed only for the purpose of calculating the residual momentum 


known" from the study of stopped ~~ mesons that the for the capure of uo in heavy elements than in light 
electron ejection probability is considerably greater elements (44 percent and 5 percent respectively). Hence 


“W. F. Fry, Nuovo cimento 10, 490 (1953 it would seem reasonable to assume that these seven 
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Taste II. Characteristics of X~ stars which have hyperons or x mesons. 











K.E. of T 
E ¥-meson charged Me we men A 
Event No. of energy particles binding energy 
No. prongs Unstable particle from star (Mev) (Mev) (Mev) Possible capture reaction 
3 4 =*—+p+r° (decay at rest) 86 412 K~+N"™~+He'+ p+Het+2*+4n 
+ 4 ~100 ~133 505 K~+-C%+p-+ p+ Be?+-2"+A° 
7 4 2*-—p+r° (decay in flight) 91 
10 5 ~100 ~161 ~530 K~+-C®-+ p+ p+ He*+ Het+ 4° +A°+n 
13 5 =~ (causes one pronged star) 119 474 K~+C®+2>+ p+ p+ Het+ Het+n 
15 3 rt—rt+n (decay at rest) 72412 82 515 K~+-N"+3*+27+C?+n 
16 2 62+11 132 
19 3 60+15 101 492 K~+-C—+9" + p+B"+-A° 
20 3 ~100 ~138 529 K~+-C®+9"+ p+ B™+A° 
24 2 2242 26 
25 5 73413 112 528 K~+-0"+Het+ He*+ p+ Lit+«7+A° 
3» + ~100 ~130 








stars were due to the capture of K~ mesons in Ag or Br. 
Furthermore, these seven stars have only one or two 
tracks of nuclear particles and no charged mesons, 
which is to be expected if these stars originated in 
heavy elements. For u~ mesons, 39+3 percent stop in 
the gelatin and 61+3 percent stop in silver bromide 
crystals."* If it is assumed that this ratio is the same 
for K~ mesons as for u~ mesons, the probability for the 
production of Auger electrons in the region above 15 
kev is about the same order of magnitude for K~ 
mesons as for u~ mesons. 

Since the number of K~-meson stars with associated 
hyperons is quite small, it seems worthwhile to describe 
these events individually. 


Event 3 


The star consists of four charged particles. A pro- 
jection drawing is shown in Fig. 3. Track 3 is 227 
microns long and was produced by a slow particle 
which appeared to stop as indicated by the small angle 
scattering. From the end of this track there is a track 
of a proton 1700 microns long. The range of the proton 
strongly suggests that the parent particle was a =* 
which decayed at rest into a proton and presumably a 
x meson. 

Track 1 was produced by a proton of about 60 Mev. 
The remaining two tracks are short and were probably 
produced by nuclear fragments each of Z22. The 
presence of these low-energy multiply charged particles 
suggests that the K~ meson was captured in a light 
element (C, O, or N). The total kinetic energy of 
charged particles plus the mass difference between a 
~* hyperon and a proton is (76+256)=332 Mev. The 
residual momentum suggests that one or more neutral 
particles were involved. One of the neutral particles 
could not have been a x° meson because there would 
not be sufficient additional energy (493—332—136= 25 
Mev) to account for the binding energy and the kinetic 
energy of the neutral particles. On the other hand, the 
low kinetic energy’® of the 2+ hyperon suggests that 





“6 The kinetic energy of a = from the reaction K~+p—~2*+2° 
is 13.8 Mev, whereas the absorption by two nucleons, K~+N 
+N-—+2+N, would produce a Z of 108 Mev. 





the K~ meson was captured by a single nucleon in the 
nucleus yielding a Y and a x meson. Presumably the 
x meson was absorbed by the nucleus. 


Event 7 


The star consists of four charged particles, as shown 
in the photograph of Fig. 4. Track 3 is a gray track 
which has a deflection of 9° at a distance of 3200 
microns from the primary star. At this point, the grain 
density changes from 5 to 3.5 times minimum grain 
density, which shows that this deflection was not just 
a scattering. The multiple scattering and grain density 
measurements indicate that both segments of this track 
were produced by particles of nucleonic mass. If we 
assume that this deflection was due to the decay in 
flight of a E+ into p+’, we find for the Q value of this 
reaction 95437 Mev, which is consistent with the 


Fic. 3. A drawing of the decay 
from rest of a 2* hyperon into a 
proton is shown above. The event 
is listed as event 3 in Tables I and 
II. Track 3 was probably produced 
by a Z* hyperon which decayed 
from rest into a proton and 4 r° \ 
meson. ‘ 











“tiene 
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Fic. 4. A photograph of a stopped K~ meson which produced a 
hyperon is shown above. The Z* hyperon (track 3) decayed in 
flight into a proton. The point of decay is indicated by the arrow 

Event 7) 


known Q value of the 2* (116 Mev). The energy of 
the =* particle is 43+11 Mev and the time of flight is 
(4.0+0.4)X10~" sec. 

The three other charged particles from the star 
have about 49 Mev of kinetic energy. Just as in event 
3 there is not sufficient energy for a r® meson to have 
been emitted from this A~-capture event. However in 
this case the 2+ hyperon has substantially more energy 
than would be expected from a K~ capture by one 
nucleon.'* Hence it is probable that this event was due 
to the absorption of the A~ meson by two nucleons, 
K~+2p— =*+-n. It must be remembered, however, that 
a = of this energy could originate from the capture by 
one nucleon if the Fermi momentum of the nucleon is 
considered 


Event 13 


Five charged particles emerge from this AW star, 
as shown in the projection drawing, Fig. 5. Track 1 is 
a black track caused by a singly charged particle that 
appears to have stopped at a distance of 790 microns 
from the star. From the end of this track there appears 
a heavy, straight track 35 microns long, which was 
probably made by an alpha particle. There is no hint 
of any other tracks originating at this point. Multiple 
scattering measurements along track 1 gave a mass of 
(950+ s20")m,. Track 1 could not have been produced 
by a x meson because of the observed grain density, 
nor could it have been made by a K~ meson since the 
original event was caused by a stopped K~ meson. On 
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the other hand the multiple scattering data rule out 
the’ possibility that track 1 was due to a deuteron or 
triton containing a bound A°. Therefore it seems 
reasonable to assume that track 1 was caused by a 
negative hyperon, which was captured by a nucleus 
and gave rise to a one prong star. Assuming that it 
was a hyperon, its initial kinetic energy was 13.6 Mev. 

The four other tracks from this star ended unevent- 
fully in the stack. The nature of the particles which 
produced these tracks was deduced from scattering and 
6 rays. The event is consistent with the capture of the 
K- meson by a carbon nucleus with the ejection of 2 
alpha particles, 2 protons, a =~, and a neutron 


K-+C®He'+He+-pt+ptnt+2-+0. (1) 


The kinetic energy release, Q, is found to be 188 Mev. 
If the difference between the rest mass of C" and the 
decay products is added to this energy the total energy 
becomes 188+ 286=474+15 Mev. (It is assumed that 
the mass of the =~ is equal to the mass of the =*.) 
This energy release gives (940+30)m, for the mass of 
the K- meson, which is consistent with the known 
mass of the r meson. Although the assignment seems 
reasonable it must be remembered that it may not be 
correct. For example, an assumed He‘ track could be 
He’, and an additional neutron could balance energy 
and momentum. 

It follows from the energy analysis above that the 
negative hyperon could not have been a cascade 
particle. 

Event 15 


The star consists of three outgoing charged particles; 
a lightly ionizing particle, assumed to be a meson 
(track 2), a short recoil (track 3), and a charged 
hyperon (track 1). A projection drawing of this event 
is shown in Fig. 6. The track of the charged hyperon 
is 280 microns long and its appearance suggests that it 
came to rest. From the end of this track there is a 
minimum ionizing track. If this minimum ionizing 
track was produced by a # meson its energy is 
(100+ os") Mev. 

This high energy indicates that the decay was due to 
a D*, i.e., 2*—+r*+n and not due toa A° hyperfragment. 

The lightly ionizing track from the main star is 
steeply dipping. From a grain count the energy of this 
particle is 72+12 Mev if it is assumed to be a x meson. 


soo, 6 
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Fic. 5. A drawing of a K~ star (event 13) is shown above. 
One of the particles (track 1), probably a Z~ hyperon, stopped 
and produced a one-prong star. star is indicated by the arrow. 
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The conservation of momentum from the K™ star 
demands that a neutral particle, probably a neutron, 
was emitted. The short recoil implies that the star was 
caused by the capture in a light element. The star is 
consistent with any one of the following three reactions: 


K-+(C#,N40")3++4-+ (BY,C8N) +n, (2) 


if the mass of the K~ meson is assumed to be that of 
the r meson. 
Event 17 


The K~-meson star consists of three black tracks. 
One of the tracks is very short (3 microns) and satu- 
rated. A three-prong star originates from the end of 
this track. The visible energy release from the secondary 
star is about 20 Mev. The total charge of the three 
particles from the secondary star is 5 or 6. It is probable 
that the secondary star is due to the decay of a hyper- 
fragment. The total charge of the K~ meson star 
(including the negative charge of the K~ meson) is 7 
or 8. Therefore the event is consistent with the capture 
of the K~ meson by an oxygen nucleus. It is energeti- 
cally possible that a x® meson may have been emitted 
from the K~-meson star. 


Event 22 


This event is very similar to Event 17. Three black 
tracks emerge from the K~ star. One of the tracks is 2 
microns long and gives rise to a three prong star. 
Again the most probable interpretation is that this 
track was due to a hyperfragment. The visible energy 
in the secondary star is about 30 Mev, and the probable 
charge is 5. There is only a small amount of visible 
kinetic energy in the primary A™~ star, so that it is 
possible that a x° meson was emitted. 


DISCUSSION 


One of the striking features in the production of K 
mesons by 6-Bev protons is the large difference between 
the K~/x~ ratio reported here [(0.76+0.11)<10~*] 
and the K+/x+ ratio reported by Birge ef al.'* [(1.2 
+0.1)X10-*] and by Chupp ef al.’ [(1.640.3) x 10-7]. 
Our K~- exposure was made in the same channel with 
almost identical geometry as their K+ exposures. How- 
ever the momentum of the A~ mesons entering our 
stack was 240 Mev/c while the momentum of the K+ 
mesons was about 350 Mev/c. The corresponding times 
of flight were 2.0X10~-* sec and 1.7X10~-* sec respec- 
tively. The ratio of x* to x~ mesons of these momenta 
is not known but it seems reasonable to assume that 
they do not differ by more than a factor of 2. If it is 
assumed that the ratio x*+/x~=1, then the ratio K+/K~ 
= 156. The K+/K~ ratio may be different at the target 
due to possible differences in the K* and K- lifetimes. 
Nevertheless, the large magnitude of this ratio is 

 Birge, Haddock, Kerth, Peterson, Sandweiss, Stork, and 
Whitehead, University of California Radiation Laboratory 
Report UCRL 3031 (unpublished). 
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Fic, 6. A K~-meson star with a charged x meson and a ety 
hyperon is shown above. The event is tabulated as event 15 in 
Table I. The lightly ionizing track from the end of track 1 could 
not be due to the decay of a A® hyperfragment because the energy 
of this particle (presumably a x meson) is too high. 


strongly indicative of a difference in the mechanisms of 
production as predicted by the theories of unstable 
particles”; in particular the theories predict that the 
K~ meson can only be produced with another K meson, 
while a K* meson can be produced in association with 
a hyperon. For a 6-Bev proton-nucleon collision, the 
energy available in the center of mass system is about 
2 Bev. The energy needed to make 2 K mesons is 986 
Mev, whereas for a K* and a A° particle it is 669 Mev. 
While it might appear that the excess energy in the 
center of mass system is large in either case, in reality, 
because of the large velocity of the center-of-mass 
system, the available phase space in the center-of-mass 
system for the K mesons that emerge at 90° in the 
laboratory system is very small. Hence the difference 
in available energies for the two processes should 
greatly increase the number of K* mesons relative to 
the number of K~ mesons observed at 90°. Further- 
more, the K*-meson phase space is enhanced relative 
to that of the K~ meson because the K* meson shares 
the available energy with two other particles, whereas 
the K~ meson must share it with three other particles. 
Hence these simple kinematic factors can probably 
explain the large K+/K~ ratio observed. 

It has been suggested by Salam’? and by Sachs” 
that perhaps the + meson can only be produced in 
association with another K meson. It is therefore 
interesting to compare the K*/r* ratio with the K*+/K~ 
ratio. The former ratio has been found to be 1142 by 
Birge ef al.'* in the experiment referred to above, 
whereas we deduce the K+/K~ ratio to be about 150. 
This difference does not support the hypothesis that 
the modes of production for r* and K~ are identical. 

One of the interesting features of the stars produced 
by the absorption of a K~ meson is the smallness of the 
visible kinetic energy in comparison to the rest mass of 
the K meson. This low kinetic energy is consistent 
with the prediction of the theories of fundamental 
particles which demands that a hyperon must be 
produced whenever a K~ meson is absorbed. None of 
the 30 events reported here is inconsistent with this 
prediction. In two cases a hyperfragment was produced 
by the K~ meson. These two hyperfragments probably 


17 A. Salam (private communication, 1955). 
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contained a bound A°. In addition, three 2+ hyperons 
and one 2~ hyperon were produced. In each of the 
remaining events a neutral hyperon (2° or A°) probably 
was emitted and of course was unobserved. Three of 
the stars had charged x mesons with kinetic energies 
above 100 Mev, which implies an associated A° hyperon 
rather than a Y hyperon. 

The problem of determining the ratio of 2 hyperon 
production to A hyperon production is difficult. The 
probability that a =*+ hyperon will escape detection is 
fairly small. The decay from rest is readily detected 
and most of the decays in flight can be identified.” 
On the other hand, the identification of a 2~ is con- 
siderably more difficult. A =~ decay in flight would 
probably be detected (although it might be confused 
with a 2+). If it came to rest it would presumably be 
captured via the following reaction": 


=~ + p-A°+ n+ ~80 Mev. (3) 


Such a reaction may easily lead to a zero-prong star 
in which case the =~ could not be distinguished from a 
proton except for the cases where Auger electrons may 
have been ejected. Experimental observations support 
this mode of capture since most of the negative hyperon 
stars have only one prong."® A rough estimate of the 
number of zero-prong =~ stars expected may be ob- 
tained by comparing the =~ absorption process with 
that of the x~ meson. The basic absorption reaction in 


2» 


the x~-meson case is 


r+ p+ (p or n)—>n+ (p or n)+140 Mev. = (4) 
The observed probability for zero-prong stars in emul- 
sion is 27 percent.’ For the following reasons one would 
expect substantially more zero-prong stars for 2 
absorption than for ~ absorption: (1) the available 
kinetic energy in the capture of a =~ hyperon is only 
80 Mev as compared to 140 Mev in the x~ meson 
capture; (2) the A° hyperon is more weakly interacting 
with nucleons than is a neutron, as evidenced by the 
low binding energy of the A® in hyperfragments; and 
(3) in the =~ hyperon capture the available energy is 
shared by neutral particles only, whereas in the x-- 
meson capture, a charged particle shares in the available 
energy about one-third of the time. For these reasons 
we estimate that the probability is greater than 50 
percent that the nuclear capture of a =~ hyperon will 
lead to a zero-prong star. 

From the charge asymmetry in the A~ capture 
process one would expect at least as many =~ as =* 
hyperons to be emitted. Since three =*+ hyperons were 


“Of all the tracks, other than « mesons, which originated 
from the 30 stars, all but one stopped in the stack. Furthermore, 
if this track were produced by a charged hyperon it is very 
likely that it would have decayed in flight and have been observed. 

“& M. W. Friedlander, Phil. Mag. 45, 418 (1954); R. H. W. 
Johnston and C. O’Ceallaigh, Phil. Mag. 45, 424 (1954). 

® Brueckner, Serber, and Watson, Phys. Rev. 84, 258 (1951). 

™ F. L. Adelman and S. B. Jones, Phys. Rev. 75, 1468 (1949). 
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observed among the thirty stars we estimate that the 
most probable number of charged hyperons is at least 
eix. 

Assuming that charge independence holds in K- 
meson-nucleon reactions and that the = hyperons belong 
to an isotopic spin T=1 triplet, it follows from an 
argument of Watson™ applied to x mesons produced in 
proton-nucleus collisions, that the average number of 
>° hyperons emitted is equal to one-half the average 
number of charged hyperons (Z* plus =~). Therefore 
we expect that the most probable number of = hyperons 
emitted from our stars is at least nine. The number of 
charged £ hyperons that actually emerge may be 
reduced by the fact that a = hyperon can be converted 
into A® hyperon more readily than a A° into a &. If we 
assume that A° hyperons were emitted from the other 
twenty-one stars then the ratio of = to A° hyperons 
which were emitted is about 9/21. The ratio of the 
available phase spaces for 2 and A° hyperon production 
via the reactions 
(a) K-+N—=+1, 


(b) K-+N—-A°+ ., (5) 


is 1/1.7. Of course, the Y/A° hyperon ratio also depends 
upon the detailed nature of the interaction, e.g., its 
dependence upon isotopic spin and angular momenta. 

A crude estimate of the probability of trapping a A° 
hyperon of about 20 Mev into a nuclear fragment can 
be obtained from the ratio of stars with hyperfragments 
to stars with A° hyperons. This ratio is 2/21. 

The number of stars which have outgoing charged r 
mesons is 8. Again using Watson’s argument based on 
charge independence, the most probable number of 
charged plus neutral mesons that emerge from our 
30 events is 12. It is difficult to deduce from the number 
of emerging + mesons, the number of x mesons that 
were formed in the initial K~ interactions, since an 
appreciable fraction of them were probably absorbed 
in traversing the nucleus. There is also the possibility 
that some of the K~ mesons were absorbed by two 
nucleons without the emission of a x meson.” 

The possible existence of more than one type of K* 
meson™ suggests that the same may be true for K~ 
mesons; ¢.g., the @- and r~ may be different bosons 
and also a negative fermion may exist. Unfortunately 
a small admixture of negative fermions can not easily 
be detected since a boson often gives rise to a low-energy 
star, comparable to that expected from the capture of 
a fermion with the emission of a neutrino.** 


= K. M. Watson, Phys. Rev. 85, 852 (1952). 
= The entage of stopping A~ stars with charged x mesons 


has been found by Hornbostel and Salant (private communication) 
to be 60% and by Chupp ef al. (reference 9) to be 27-41%. 
Preliminary examination of sixty additional K 
here gives 28%. 

™ RK. H. Dalitz, Phys. Rev. 94, 1046 (1954). 

*% According to the scheme of Sachs (reference 10), such a 
negative fermion might even produce a hyperon. 


events found 
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Unstable ,H‘ Fragment from the Capture of a =~ Hyperon* 
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A 10X15X5 cm stack of Ilford G-5 emulsion was exposed to the 3.0-Bev x~-meson beam of the Berkeley 
Bevatron. A number of events involving K-mesons, hyperons, and hyperfragments have been observed. 
One interesting case is discussed here. A nine prong star is produced by a x~ meson, from which a =~ hyperon 
emerges. This in turn produces a star with three visible prongs, one of which is a ,H*-hyperfragment decaying 
into two visible colinear tracks, one of which has been identified as a x~ meson. This x~ meson was followed 
to the end of its range, and its energy was determined to be 5141 Mev, making it possible to calculate a 
reliable value for the binding energy of the A° in the fragment. The result yielded 3.341 Mev. Analysis of the 
particles emerging from the =~ star showed that momentum balance could be achieved by assuming emission 
of a high-energy neutron, whose calculated energy of 41 Mev agrees well with the energy of 42 Mev for a 
neutron produced in the postulated elementary interaction 2~+ p—A°+n+Q. 


STACK (10155 cm) of Ilford G-5 emulsion 

exposed to the 3.0 Bev x~-meson beam of the 
Berkeley Bevatron yielded a number of events involving 
K-mesons, hyperons, and hyperfragments. The analysis 
of these observations will be reported later. 

An interesting event, shown in Fig. 1, has been 
located. A nine-prong star initiated by a 3.0-Bev x~ 
contains a track 12 620u long (2~) which ends in a three- 
prong capture star (1, 2, and 3). One prong (3) of the 
secondary star is a singly charged track 255y long which 
comes to rest in the emulsion, decaying into a colinear 
saturated track 8u long (a) and a x~ meson (b) which 
forms a p ending after passing through 21 pellicles, 
with a range of 36 170u. Table I lists the experimental 
data for the individual tracks of the event. In order to 
identify track 2~, an integral gap vs range measurement 
was carried out, and compared with that of identified 


TaBLe I. Identity, range, energy, and momentum of individual 
tracks in Z~ star and hyperfragment decay. 


Range Energy Momentum 
Track Identity microns) Mev) Mev / 
z= 12 620 63 

1 a 80 12.3 

2 p 7 6 

3 iH* 255 11.0 

a sHe* 8 24 134 

b - 36 170 51+1 130 


* Supported in part by a joint program of the Office of Naval 
Research and the U. S. Atomic Energy Commission 


protons (P), deuterons (D), and x mesons (x). This is 
shown in Fig. 2. A K~-meson found in the same stack 
is plotted also for comparison. It is clearly seen that 
the mass of particle 2~ must lie between that of the 
proton and that of the deuteron. In addition, a grain 
density vs range measurement on track Z~ at 12 000 
residual range and on a x-meson track for comparison, 
gives for the former a mass of 2270+150 electron 
masses. This identifies the particle as a 2~ hyperon. 
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Fic. 1. Projection drawing of 2~ hyperon produced by 3-Bev 
Tracing shows the capture of 2~ and subsequent emission of H,‘ 
hyperfragment undergoing mesonic decay. 
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RANGE (42) 


Fic. 2. Plot of gap frequency vs residual range 
for x, «, P, 2, and D. 

Since fragment 3 undergoes mesonic decay, it must 
be a hyperfragment containing a A° hyperon. It is then 
assumed that the capture of the =~ takes place in a 
heavy nucleus, according to the process 


r+ pontA+0, (1) 


which is in accordance with the scheme of Gell-Mann 
and Pais.' Q is the mass excess of the =~ over the A’, 
equal to 78 Mev. Considering this process first as an 
elementary interaction between particles at rest, we 
calculate that the neutron in this reaction is emitted 
with an energy of 42 Mev. In the star under considera- 
tion, the A° definitely appears bound to a fragment, 
which will be shown to be ,H*‘; in addition, there are 
two other visible tracks, which are most probably an 
alpha particle and a proton. (See Table I.) To balance 
the residual momentum of the visible prongs, 280 
Mev/c, the emission of a neutron must be postulated. 
A x° meson could not be assumed because it would have 
to have an excessively high energy. A neutron of this 
momentum corresponds to an energy of 41 Mev. This 
checks surprisingly well with the energy of the neutron 
as calculated above for the elementary interaction, 
implying that the emitted neutron did not appreciably 
penetrate the nucleus. The process also implies that 
the A° strongly interacts with nuclear matter, since its 
energy is changed from about 40 to 10 Mev in the 
fragment. 

It is of interest to compare the total kinetic energy 
output of the =~ star with the Q value of reaction (1). 
The energy of the visible tracks plus the neutron totals 
65 Mev, which is consistent with the Q-value of 78 Mev, 
taking the difference to represent binding energy. 


*M. Gell-Mann and A. Pais, Proceedings of the International 
Physics Conference, Glasgow (Pergamon Press, London, 1955). 
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Fragment (3), emerging from the =~ star, is a singly 
charged track coming to rest in the emulsion. Since it 
decays colinearly into a x~ and a visible recoil nucleus, 
an accurate measurement of the energy release was 
possible. As seen in Table I, this energy release is 53.4 
Mev, which is considerably in excess of the Q-value for 
the decay of a free A°. This rules out the possibility that 
the recoil nucleus is »He*. The large energy difference 
must arise from the large binding energy of the last 
proton in ;He*. The process accordingly should be 
represented as 


jH*—,Het+2~-+0(0=53.4 Mev), 
or 
A°*(bound)—> p+" + 36.9 Mev, (2) 


p+ ,H*—-He't+ 19.8 Mev. 


Since the fragment decays into visible tracks only, the 
energy release may be readily calculated, from which a 
good value can be obtained for the binding energy of 
the A°. Taking the value for momentum of the 2, 
130 Mev/c, to be more reliable, the energy of the .Het‘, 
corresponding to this momentum, is found to be 2.3 
Mev. This may be compared with the direct value of 
energy obtained from a range of 8u, namely 2.4 Mev. 
For the binding energy of the A° in the fragment we 
obtain 
B.E.(A°) = 36.9+ 19.8-- 53.4 
=3.3+1. 


The meaning of the numbers appearing here is made 
clear by reference to the reactions in (2). This value 
may be compared with the binding energy of the second 
neutron in ,H? which is 6.3 Mev. 

The event we have described is of interest for the 
following reasons: 


(1) It isa case of S~ capture in which the emergence 
of a A° can be detected because it is bound in an 
unstable fragment. 

(2) The fragment decays into two colinear tracks, 
furnishing a reliable value for the binding energy of 
the A° in the fragment. 


We wish to thank Professor E. O. Lawrence and 
Professor E. J. Lofgren for their excellent cooperation in 
making possible the Bevatron exposures. We also wish to 
thank Professor N. Dallaporta (Padua) for his private 
communication concerning a similar hyperfragment 
decay. 
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Associated Production of =- with Two @° Particles* 


J. D. Sorrets, R. B. Leicuron, anp C. D. ANDERSON 
Norman Bridge Laboratory of Physics, California Institute of Technology, Pasadena, California 
(Received July 11, 1955) 


A cosmic-ray event is described in which a negative cascade particle and two neutral heavy mesons appear 
to be produced in a single nuclear interaction above a cloud chamber. It is suggested that this event may be 
an example of the associated production of a Z~ particle with two @ particles according to the scheme of 


Gell-Mann. 





XPERIMENTAL information concerning the 

associated production of unstable heavy particles 
was first obtained by Shutt and his collaborators at 
Brookhaven.' Using a hydrogen diffusion chamber in 
the 1.37-Bev x~ beam, these researchers have found 
that neutral or charged hyperons may be produced 
with neutral or charged K-mesons. 

Recent data have shown that associated production 
occurs to some extent in cloud chambers triggered on 
penetrating showers’ and in nuclear emulsions exposed 
to cosmic rays.’ Here again the evidence is that hyperons 
are produced associated with heavy mesons. 

In the 48-inch magnet cloud chambers operating in 
Pasadena (Fig. 1), we have obtained a photograph 
showing four V events (Fig. 2), all connected with a 
single penetrating shower origin. This event is produced 
by a primary particle of >4 Bev/c momentum and 
unknown sign of charge which enters from above and 
behind chamber 2. Only 6 mm above the top inside wall 
of chamber 3 the primary makes a high-energy nuclear 
interaction which produces the penetrating shower 
containing the four V-particles, all of which decay in 
chamber 3. There are no other tracks besides the 
primary in chambers 1 and 2, and all of the tracks in 
chambers 3 and 4 appear to result from the single 
interaction at the top of chamber 3. 

In Fig. 3, the various decays are shown in an isometric 
projection of the tangents to the pertinent tracks at 
their decay points. All decay secondaries pass through 
the front of the apparatus except for FH and JK which 
travel down through chamber 4. 

There are three V° decays, FGH, CDE, and IJK. 
The planes of both FGH and IJK pass through the 
origin within experimental error, the angles of non- 
coplanarity for O with respect to FGH and IJK being 
2.8+4° and 0.5+1.4° respectively. Moreover, the 

* Assisted by the joint program of the Office of Naval Research 
and U. S. Atomic Energy Commission. Reproduction in whole 
or in part is permitted for any purpose of the United States 
Government. 

1 Fowler, Shutt, Thorndike, and Whittemore, Phys. Rev. 98, 
121 (1955); Phys. Rev. 91, 1287 (1953); and Phys. Rev. 93, 861 
ool Burwell, Hugget, and Karzmark, Phys. Rev. 95, 
1576 (1954); J. D. Sorrels, Proceedings of the Fifth Annual 
Rochester Conference (Interscience Publishers, Inc., New York, 
eye Pal, and Peters, Proc. Indian Acad. of Sci. 38, 398 (1953); 
Dahanayake, Francois, Fujimoto, Iredale, Waddington, and 
Yasin, Phil. Mag. 45, 855 (1954). 


lines of flight of the corresponding V® particles com- 
puted from measured momenta and assuming two-body 
decay also pass through O within experimental error. 

However, plane CDE does not contain O, the angle of 
noncoplanarity being 7.8+1.5°. Instead, CDE contains 
the decay point of a V~ particle, OAB, the measured 
angle of noncoplanarity being 0.2+1.3°. 

Information concerning the tracks pertinent to the 
interpretation of this event are given in Tables I and 
II. Momenta for FH and /K in chamber 3 were deter- 
mined from curvature measurements in chamber 4 
with correction for the lead absorber and brass chamber 
walls in between. 

Both FGH and IJK must have light positive 
secondaries to be consistent with their estimated 
ionizations and measured momenta. Independently of 
any ionization estimates, the a and P_sin#ér values 
exclude the possibility that PGH and JJK might be 
A° decays. Under the assumption of the decay 


P—x*+2- +(x), : 
FGH gives 
QO(x,r) = 240460 Mev 


from the measured momenta of the secondaries. The 
momentum of the positive secondary of J/K cannot 
be determined directly, but by assuming two-body 
decay and momentum balance we obtain from the 
momentum of the negative secondary 


Q(x,x) = 2704-70 Mev. 


i SHIELDED COUNTER TRAY 
r 


ABSORBER 
| CLOUD CHAMBER | 
| Poo.- —— camera Lens axis ——} 
| ™ ABSORBER 

“CLOUD CHAMBER 2 
392 Frtchog-—— SHIELDED COUNTER TRAY 
- CLOUD CHAMBER 3 
_7 SOSORBER 

—— CAMERA LENS axis ——} 
_- CLOUD CHAMBER 4 


i 
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Fis. 1. Side view of the Geiger counters, absorbers, 
and cloud chambers. 
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Fic. 2. Cloud-chamber photograph of a penetrating shower 


decay (OAB) with its secondary A® (CD 


CE). 


which includes two @ decays (FG—FH and 1J/—IJK) and one 


Therefore, FGH and “JJK are quite consistent with 
normal # decay where Q(x,7)=214 Mev. 

The third V® decay, CDE, cannot be identified 
directly from the characteristics of its secondary tracks. 
However, the established coplanarity of this decay 
plane with the decay point of the V~ particle suggests 
strongly that it is the secondary of the well-known = 
decay, 


Z-—A°+-2-+0(A%x), 


and is thus a A° particle. The Q(A°,r) for the assumed 
=~ decay can be computed from the roughly measured 
momentum of the negativefsecondary, AB, and the 
geometry of the event. The result is 


1 


‘ -+ 100 
O(A° w)=95 " _ Mev, 
. — 50 


which is consistent with previously measured values‘ 
of ~66 Mev. 


Fic. 3. An isometric view of the event in Fig. 2. All lines except 
PO are tangents to the tracks at the decay points. There is no 
detectable curvature in PO or OA. The primary PO makes a 
nuclear interaction at O, the origin of the penetrating shower, 
which produces four V-events. Decays FGH and JJK are 
identified as ® decays from data in Tables I and II. Point O is 
coplanar with both @ decay planes within experimental error. 
However plane CDE passes through A but not O, within errors of 
measurement. Thus OAB—CDE is interpreted as a cascade 
event. Other data summarized in the text and Tables I and IT 
are consistent with the interpretation that CDE is the secondary 
A° of a =~ event OAB. Tracks FH and /K penetrate through 
another cloud chamber (No. 4, Fig. 1) below the one shown in the 
figure. 

*Arnold, Bellam, Lindeberg, and Van Lint, Phys. Rev. 98, 
838 (1955); W. B. Fretter and F. W. Friesen, Phys. Rev. %, 
R53 (1954); E. W. Cowan, Phys. Rev. 94, 161 (1954). 
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Taste I. Basic data. 














Estimated mass 





cane et... Seoneaien, Best direction cosines 
Track Charge Mev/c times monimum in Me i ™ " 
PO ? > 4000 <2 wee — 0.0625 —0.9591 +0.2764 
OA = > 200 <2 .* — 0.0756 —0.9579 +0.2773 
OF 0 ee tee . —0.3889 —0.9160 +0.0994 
ol 0 tee ee —0.0211 —0.9612 +0.2748 
AB = sot <2 < 2000 +0.1489 ~0.9165 +0.3714 
AC 0 ree tee ~-0.1380 — 0.9680 +0.2091 
CD ~ > 180 <2 vee —0.2222 ~ 0.8716 +-0.4368 
CE + >180 <2 tae —0.1116 — 0.9855 +0,.1282 
FG + 520+ 150 <2 < 1500 —0.5056 — 0.7684 +0.3924 
FH = 920+220° <2 < 2800 —0.1992 —0.9759 — 0.0895 
IJ - >640 <2 vee +0.0671 — 0.9083 +0.4131 
IK + 4754110 a <1350 —0.2139 — 0.9696 —0.1190 














* Errors in measurement of direction cosines are less than +0.015 for / and less than +0.04 for a. 
> These values are determined for chamber 3 from curvature measurements in chamber 4 with correction for the lead and brass in between. 


TaBLe II. Numerical results for the decays of Fig. 3. The values for a, are computed for the four V-particle decays, ABC, CDE, FGH, 
and JK from angles only. The values for ay are computed from momentum measurements alone. The angle 6r is the total included 
angle between decay secondaries. The values of P_ sin6y listed in the fourth column must be less than 118 Mev/c for A® decay, which 
is not the case for FGH and IJK. ABC and CDE appear to be members of a cascade event and are therefore interpreted as Z~ and 
A® decays respectively. The noncoplanarity angles, 8, with assumed origins are all zero within experimental error. The Q value for FGH 
was obtained from @r and the momenta of the secondaries. The Q values in column 7 for both ABC and //K were obtained from 6r, 
the momentum of one measurable secondary in each case, and the transverse momentum about their lines of flight. The Q values in 
column 8 were obtained from the cascade ‘felationship between ABC and CDE as described in the text. 














1* 2b 3 4 5 6 7 a) 
4 

Nonco- Q values Q values 

planarity from momenta from cascade 
Decay or P_ sinér Inter- angle and metry geometry 
plane ae ap degrees Mev/c pretation degrees ev Mev 
ABC —- $0.5 + 0.1 rv 19.241 1607100 & decay owe ost io 16415 
CDE +0.5 +0.3 tee 20.0+-2 >61 A® decay 0.2+1.0 vee 32410 
FGH —0.13+0.05 ~0.29-+0.26 35.441 5354-125 ® decay 2.844 240460 be 
IJK —0.46+0.08 <—0.05 35.242 > 370 @ decay 0.5+1.4 270470 








* as =sin (0. —6o) /sin (0.40) for ABC, and as =sin (0. —0,)/sin(@.+0,) for CDE, FGH, and 1JK 
bap =(PA—P1)/Pe 


The momentum of the assumed A®° can be obtained in good agreement with the known value. Therefore, 
from transverse momentum balance with AB, but a_ the decay dynamics are completely consistent with the 
more precise value can be obtained from the geometry interpretation that CDE is the secondary A® of a Z 
of the Z~ decay if we assume the decay scheme event OAB. 

a ‘ k Since there is evidence of only one nuclear interaction 
=-—A°+2-+66 Mev. : . : - 
which could produce these unstable particles, it appears 
From the derived momentum of the A°(792+50 Mev) that the Z~ was very probably produced in association 
and its decay geometry, we obtain for with two @ particles. Such a process is in direct agree- 
; ment with the ideas presented by Gell-Mann.* 
A°-+p+-2-+0(p,3) 
a QO(p,x) value of 32410 Mev in agreement with the mopman iss: 
known value of 37 Mev. Conversely, if we assume that The authors wish to acknowledge the assistance of 
CDE is indeed a 37-Mev A® decay, we may caiculate E. W. Cowan, G. H. Trilling, V. A. J. Van Lint, C. A. 
the momentum of the A° from geometrical factors only, Rouse, and A. A, Strassenburg in the construction and 
From this new A® momentum and the geometry of the operation of the apparatus which detected this event. 


=~ event, we obtain *M. Gell-Mann, Phys. Rev. 92, 833 (1953); M. Gell-Mann 
-- - and A. Pais, Proceedings of the 1954 Glasgow Conference on 
O(A°,x)=76+15 Mev, Nuclear and Meson Physics (Pergamon Press, London, 1955). 
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Determination of the Intensities of Low-Z Components of the Primary Cosmic 
Radiation at 2 =41° Using a Cerenkov Detector* 


Wiiuam R. Wesper AnD Frank B. McDonatp 
Department of Physics, State University of Iowa, Iowa City, Iowa 
(Received July 5, 1955) 


A measurement of the intensities of the low-Z components of the primary cosmic radiation has been 
made in the upper atmosphere at a depth of 13 g/cm* by means of a “Skyhook”’ balloon flown at \=41.5°. 
The measuring instrument consisted of a thin (3.0 g/cm*) Cerenkov detector placed within the solid angle 
of a Geiger counter telescope. A Cerenkov detector was used because of its unique discrimination against 
slow particles. A system of guard and shower counters and circuits was included to identify side showers and 
background events occurring in the detector. A vertical intensity of 82+9 alpha particles/meter® steradian 
sec, at the top of the atmosphere was obtained, based on 374 counts attributed to alpha particles. Data 
obtained as the balloon rose to altitude gave a value of 4348 g/cm? for the apparent absorption mean free 
path of alpha particles in air. An upper limit was set on the intensity of primary protons at this depth. In 
addition, a small number of counts that could be attributed to particles with 3 <Z <5 were obtained and 


are discussed 


I. INTRODUCTION TO THE PROBLEM where N=number of quanta emitted between wave- 
lengths A; and do», m is the index of refraction of the 


T is now well known that the primary cosmic radia- ; ge 
medium, and / is the path length of the particle in the 


tion consists of atomic nuclei stripped of their orbital 
electrons. The nuclei of hydrogen and helium (protons 
and alpha particles) predominate, with heavier nuclei 
up to iron occurring in lesser number. Ultimately one 
would like to know the intensity and energy spectrum 
of ear h 
be of great help in understanding the origin of the cos- 
mic radiation and its propagation to the earth. 

Previous experimenters have used ionization cham- 
bers,'* proportional counters,’ scintillation counters** 
and photographic emulsions*’ to analyze the composi- 
tion of cosmic radiation at or near the top of the 
atmosphere. Each of the above methods has certain 
disadvantages which limit its effectiveness in the 
measurement of the intensity of heavy primaries at 
balloon altitudes. The foremost disadvantage of all the 
above methods is that low-energy singly charged 
secondaries (which indeed are very numerous at 
balloon altitudes) are often indistinguishable from 
high-energy multiply charged particles. 

A Cerenkov detector makes possible an essentially 
new attack on this problem. The output from a 
Cerenkov detector (in the form of electromagnetic 
radiation—some of which is in the optical spectral 
region) due to the passage of a particle with charge Ze 
and velocity 8c is given by 


2Z i 1 1 
y=] -——|(1- ), 
137 Ai Ae Ben? 


* Assisted by joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 

! Ellis, Gottlieb, and Van Allen, Phys. Rev. 95, 147 (1954 

*G. W. McClure, Phys. Rev. 96, 1391 (1954 

*G. J. Perlow e al., Phys. Rev. 88, 321 (1953) 

*E. P. Ney and D. M. Thon, Phys. Rev. 81, 1069 (1951 

*L. Bohl, Ph.D. thesis, University of Minnesota, 1954 
published 

* H. Bradt and B. Peters, Phys. Rev. 77, 54 (1950). 

? Kaplon, Noon, and Racette, Phys. Rev. 96, 1408 (1954 


of these components, as this information should 


(1) 


un- 


medium. 

A plot of N/Z* vs 8 for various particles is shown in 
Fig. 1. 

The most important features of Eq. (1) are: 

(a) The output is proportional to Z*. Thus, like 
ionization detectors the Cerenkov detector has the 
basic characteristics for Z* discrimination among the 
particles passing through it. 

(b) A Cerenkov output occurs only when a charged 
particle passes through the medium with a velocity 
For Lucite this threshold velocity 
thus this apparatus is insensi- 


greater than c/n. 
corresponds to 8=0.67 ; 
Boe 

—Th 
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Fic. 1. Number of Cerenkov photons emitted as a function ef 
the energy for particles with constant velocity. (Curves are for 
this particular apparatus —/=2.59 cm, A, = 3000 A, A: = 7000 A, 
n= 1.50.) 
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tive to many of the low-energy secondaries that plague 
other experimenters. 

(c) Last and most important: The size of the output 
from a Cerenkov detector diminishes as 8 becomes 
smaller. This is in distinct contrast to the behavior of 
an ionization detector in which the output varies 
approximately as 1/6*. Thus low-energy singly charged 
secondaries give outputs smaller than high-energy singly 
charged particles and make little or no contribution in 
the range of outputs characterizing high-energy par- 
ticles having Z > 2. 

Pioneering investigations of cosmic radiation at high 
altitudes using Cerenkov detectors have been made by 
the Minnesota group which has used the directional 
properties of the radiation to study the albedo problem.® 
More recent measurements of the low-Z components of 
the primary radiation using this type of detector have 
also been made by this group.’ The Iowa work con- 
firms and extends the Minnesota experiments in the 
determination of improved values of absolute intensities 
of the cosmic-ray primaries of low Z. Results of a suc- 
cessful balloon flight at A=41.5° are reported herein. 
In addition, there is now being undertaken here at 
Iowa an extensive survey of the primary radiation at 
lower latitudes using Cerenkov detectors and at higher 
latitudes using a combination of a Cerenkov detector 
and scintillation counter. 


Il. DESCRIPTION AND OPERATION OF THE 
EQUIPMENT 


The apparatus comprised the following main sections: 

(1) Cerenkov detector—The Cerenkov detector con- 
sisted of a Lucite block optically coupled to a photo- 
multiplier tube (Fig. 2). 

(2) Geiger counter lelescope.—The Cerenkov detector 
was placed between the two trays of a Geiger counter 
telescope whose axis was vertical. The geometric factor 


TOP TELESCOPE 
TRAY 

(56 om XK 65cm) 

oe 

















Fic. 2. Outline draw- 
ing of Geiger. counter 
telescope and Cerenkov 
detector showing ar- 
rangement of guard and 
shower counters. Tele- 
scope counters desig- 
nated® ; guard counters 
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* J. Winckler and K. Anderson, Phys. Rev. 93, 596 (1954). 
* N. Horowitz, Phys. Rev. 98, 165 (1955) 
# J. Linsley, Phys. Rev. 97, 1292 (1955). 


Z COMPONENTS 


Olpeee 


ied 


acts 


SHAPER CATHODE 


Bpeec 


Fic. 3. Block diagram of the equipment. 


of the telescope was determined by calculation, using 
measured effective lengths of the individual counters." 
For an isotropic flux it was 9.27+0.5 steradian cm’. 

(3) Guard and shower system.—The guard counters 
were arranged according to Fig. 2. The electronic 
circuitry was such that if a particle passed through any 
of the guard counters simultaneously with a telescope 
coincidence the corresponding Cerenkov output pulse 
was “marked.” 

Shower detection was accomplished in the following 
manner: If two or more counters in either the bottom 
or the top tray were triggered simultaneously the 
associated circuitry was such that the corresponding 
Cerenkov output pulse was “marked” in a manner 
similar to that for a guard count. 

) Electronics.—A block diagram of the electronics 
is shown in Fig. 3. The main features of the various 
sections are as follows: 

(a) Cerenkov pulse amplifiers. The pulses from the 
photomultiplier were amplified by a pair of 4 tube 
“pulse shaping” feedback amplifiers.” These amplifiers 
were linear throughout 90% of their range and had 
characteristics which were insensitive to voltage change. 
Pulses from particles with Z <2 appeared in the linear 
region on the CRT (cathode-ray tube) attached to the 
high-gain amplifier while those pulses from particles 
with Z<5 appeared in the linear region on the CRT 
attached to the low-gain amplifier. 

(b) Coincidence and intensifier circuits. The purpose 
of these circuits was to apply a “gating” pulse to the 
grids of the CRT whenever a particle passed through 
the telescope. This gating pulse had a duration of 30 
usec (to cover the peaking of the pulses from the 
Cerenkov detector) and a magnitude that exceeded the 
negative cutoff bias on the CRT. All pulses from the 
Cerenkov detector were applied to the deflection plates 
but visible traces appeared only when an intensification 
signal was applied to the grids of the CRT. 

(c) Guard and shower circuits. The pulses from the 


u Method of measurement is that used by L. H. Meredith, 
M.S. thesis, State University of Iowa, 1951 (unpublished), 

2 W. C. Elmore and M. Sands, Electronics (McGraw-Hill Book 
Company, Inc., New York, 1949), p. 58, 
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— | ae Oe oe te height distribution obtained for the 1422 regular 
2 il REGULAR COUNTS counts and 48 “J” counts is shown in Fig. 4. The main 
z features of the pulse-height distribution obtained during 
& oe 6 wt this sea level run are explained below. 
- 
& oO = A. Regular Counts 
¥ a “EXPECTED 1F AN ia sit ane leal ad 
% ors AVERAGE OF 75 (1) Half-width of the pulse-height distribution.—(The ‘ é 
a ae term “half-width” is used for the width at half-height, 
= PER INCIDENT divided by the magnitude of the pulse height at the 
# 25 + maximum of the distribution.) The pulse-height dis- 
g 85 tribution for ~ mesons had a half-width of approxi- - . 
6| ane —+-— mately 48%. One of the major contributing factors to 
e ttt this spread in pulse height is believed to be statistical 
. 275) = i fluctuations in the output of the photomultiplier. It is 
¢ wait te | i well known that the production of photoelectrons at 
$ 244} 4 al us the cathode surface of the photomultiplier and the 

ont iL iH 5 non secondary emission of electrons at each succeeding 

wad ad 30 dynode surface both appear to follow a Poisson 
PULSE HEIGHT (7) distribution.” 


If these processes are indeed the major cause for 
spread of the singly charged distributions the half- 
widths of the pulse height distributions for other par- 
ticles should vary as 1/Z of the particle. Thus one 
should expect the distributions to become progressively 
sharper for higher Z and to depend more and more on 
minor effects that contribute to the broadening of the 
pulse height distributions. 

(2) High-energy tail.—Another important feature of 
the pulse height distribution for 4 mesons is the tail at 
large pulse heights. This tail is attributed to knock-on 
electrons of energy greater than the Cerenkov threshold 
produced by the incident primary particle as it passes 
through the Lucite block. The additional Cerenkov 
photons from knock-ons increase the pulse height by 
varying amounts. This problem of shift in pulse height 
has been examined for an incident distribution of 
relativistic singly charged particles by one of the 
authors." Since the 8 of the incident particles is assumed 


Fic. 4. Differential! pulse-height distribution for sea-level « mesons. 


guard and shower circuits were placed on the deflection 
plates at right angles to those used for the pulses of the 
Cerenkov detector. These pulses were lengthened and 
shaped in such a way that their peak amplitude oc- 
curred at approximately the same time that the gating 
pulses had driven the grids of the CRT to a point that 
would just make the trace visible. The traces thus had 
the appearance of an inverted J. Thus the guard and 
shower circuits identified as “J” counts all particles 
passing through the counter telescope accompanied by 
a particle passing through any of the guard or shower 
counters, Any count not so marked is termed a “regular” 
count 

A continuous record of events was made by photo- 
graphing the traces that appeared on the CRT. The 
camera shutter was always open and the 35-mm film 
moved past the lens continuously at the rate of 6 feet 
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The entire apparatus was enclosed in a pressure 100 = | /q\OBSERVED PULSE HEIGHT 7 
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In addition to the high-altitude balloon flight a w® od 
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subsequent series of check runs was made with the 3 & 
. e a rs 4 
equipment at A= 52° using sea-level u mesons as the 58 “ 
. . nr . . 4 + —+ = 
source of high-energy particles. The identical apparatus © 30} 
that was flown was used for the sea level tests. The 7 a 
purpose of these u-mesons runs was twofold: (1) to ; ‘= oe 
analyze and compare the singly charged pulse height a oe a ee oe 
distribution at sea level with those obtained for singly PERCENTAGE DEVIATION FROM MEAN PULSE HEIGHT 
and doubly charged particles at high altitude ,and (4) = Fic. 5. Effect of knock-on electrons on a typical pulse-height 
analyze more carefully certain components in the “J distribution (sea-level 4-meson distribution as base). 


distribution. 8G. A.M RCA Rev. 10, No. 4, 525 (1949) 
; ~i ; . ’ G. A. Morton, RCA Rev. 10, No. 4, 52 : 
To accomplish the first purpose, the apparatus was “W. Webber, M.S. thesis, State University of Iowa, 1955 


run at sea level for a period of 16 hours. The{pulse- (unpublished 











to be a constant ~1, both the production of knock-ons 
and the production of Cerenkov photons vary as Z* 
of the incident particle. Hence, the relative shift should 
be the same for all primaries—regardless of their 
charge. 

The results of this analysis for a typical pulse-height 
distribution are shown in Fig. 5. The contributions to 
the pulse-height distribution from knock-on produced 
photons can be summarized as follows: 

(a) The distribution is shifted slightly toward the 
region of larger pulse heights; (b) the distribution is 
broadened somewhat, with the half-width being in- 
creased approximately 2-3%; (c) a significant tail is 
added to the distribution in the region of larger pulse 
heights. 


B. “J”? Counts 


Before discussing in detail the significance of the 
“J” counts obtained in the sea-level tests let us con- 
sider the types of events that would cause this type 
of count. 

(1) Accidental coincidences between counter circuits. 
It is possible for a “J’”’ count (or a regular count) to be 
recorded when two or more unrelated events occur 
more or less simultaneously in different sets of counters. 
Such a count will be called an accidental count. 

It can be verified that the principal cause of acci- 
dental counts is accidental coincidences between the 
bottom and top telescope trays. Calculations show that 
the accidental rate from this type of coincidence will 
vary from about 0.3°% of the total counting rate at sea 
level to approximately 3% at maximum altitude. It is 
to be expected that these counts are not associated 
with particles passing through the Lucite block in the 
prescribed manner (if at all). Therefore their pulse 
height distribution should show little or no structure. 

(2) Showers and interactions occurring above and to 
the side of the telescope.—Although the magnitude of the 
effect of this type of event on the “J” distribution is 
difficult to evaluate, it seems reasonable to assume, as 
before, that such counts are not associated with single 
particles passing through the Lucite block in the pre- 
scribed manner. Therefore, their pulse-height distribu- 
tion should show little or no structure. 

(3) Knock-on electrons created in the Cerenkov de- 
tector.—It is to be expected that a significant percentage 
of the knock-on electrons produced by primary par- 
ticles in the Lucite block and adjacent photomultiplier 


TABLE I. Percent of total number of particles of a given charge 
accompanied by a knock-on electron producing a “J” count. 











Percent of total counts ac- 
companied by a knock-on 
electron producing a 





Particle Charge, Z J” count 
(p. mesons) 1 1.5- 2.5 
(He) 2 6.0-10.0 
(Li, Be, B) Av4 24 -32 
(C, N, O) Av7 530 -70 
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Taste II. Percent of the components of the cosmic radiation that 
would be expected to have interactions in the counter telescope. 











Protons Alphas 
Per- Per- 
Thickness M.F.P* cent M.F.P. cent 
Lucite block 3.0 g/cm? 63 g/cm* $.1 50 g/cm* 6.1 
Photomultiplier 36 5.8 7.0 








* Values for M.F.P. (mean free path) are estimated from the results of 
B. Peters and M. F. Kaplon on similar materials as reported in Progress in 
Cosmic Ray Physics, edited by J. G. Wilson (North Holland Publishing 
Company, Amsterdam, 1952), p. 209. 


will be able to penetrate the guard and shower counters 
below the block. These knock-ons will cause a “J” 
count when actually a single primary particle passed 
through the apparatus. In contrast to the above types 
of events the pulse-height distribution from this type 
of event should show definite structure. To find the 
percentage of particles accompanied by knock-on in- 
duced “J” counts one must calculate the number and 
energy distribution of knock-ons emerging from the 
Lucite block and the photomultiplier. This problem 
has been investigated in conjunction with the calcula- 
tions leading to the effect of the knock-ons on the 
basic pulse height distribution mentioned in the pre- 
vious section. The results are summarized in Table I. 
Note that for heavier particles, the percentage of the 
total counts that will be recorded as “J’s” due to 
knock-on electrons increases quite rapidly. 

It can be seen that this effect becomes an increasing 
problem with increasing Z. But since the pulse-height 
distributions for these counts were found to have 
structure, it was possible to determine which “J” 
counts were due to knock-on electrons and then to 
add these to the pulse height distributions for regular 
counts. 

(4) Nuclear interactions in the Cerenkov detector. 
These can be grouped into two categories. 

(a) Collisions occurring in the Lucite block. The 
counts due to this type of collision should show little 
structure in their pulse-height distribution. This is 
because a nuclear interaction may increase or decrease 
the output pulse considerably depending on the position 
of the collision, on the charge and break-up of the 
primary and on the multiplicity and velocity of the 
secondaries. 

(b) Collisions occurring in the remaining material 
of the telescope (principally the photomultiplier tube). 
The pulse height distribution from this type of event 
should show a definite structure since the primary par- 
ticle has already passed through the Lucite radiator. 
The magnitude of the above effects is shown in Table II. 

Let us now compare the observed “J” distribution 
from sea-level «4 mesons with that predicted in the fore- 
going sections. Since all other effects are small, the 
“J” counts in these tests should be due almost entirely 
to knock-on electrons. To analyze more carefully certain 
features of this sea level “J” distribution two additional 
runs were made. In the first of these runs the top guard 
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Taare III. Observed “J” distribution from sea-level mesons. 











Regular at Percent “J” 
Run No counts counts counts 
No. 1 668 18 2.6+0.6 
No. 2 645 3 04+0.2 
Normal sea level 
w-meson run 1422 45 3.3204 


and shower circuits were made inactive, leaving only 
the bottom guard and shower circuits still functioning. 
In the second run this procedure was reversed and the 
top guard and shower circuits now were the only active 
ones. The results of these runs are shown in Table III. 

These results are in good agreement with the pre- 
dicted results for knock-on electrons. In addition, the 
pulse height distributions of the “J” counts obtained in 
the main sea level test and the first special run (bottom 
guard and shower circuits operating) were similar to 
that for the regular counts (i.e., had structure)—as 
would be expected, if these “J” counts were due to 
knock-on electrons. 


IV. HIGH-ALTITUDE RESULTS AND 
INTERPRETATION 


A. Balloon Flights 


The equipment was flown by Winzen Research, Inc., 
under a contract with the Office of Naval Research, at 
Goodfellow Air Force Base, San Angelo, Texas (41.5° 
N. Geomagnetic latitude) on February 12, 1954. The 
flight was made using a 90-foot “Skyhook” type balloon 
to carry the equipment to altitude. The balloon rose at 
an average rate of 900 ft/min to an altitude of 96 000 
ft (13.0 g/cm’). It stayed at this altitude, +2000 ft 
(1.0 g/cm"), for a period of six hours. A preset device 
then cut the equipment loose and it parachuted to 
earth. The apparatus was recovered near Lampasas, 
Texas approximately 125 miles from the launching 
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function of altitude. 
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point, having spent the entire period at high altitude 
at 41+0.5° N geomagnetic latitude. It was undamaged 
and still in satisfactory operating condition when re- 
turned to the base some 12 hours later. 


B. Results as a Function of Altitude 


The vertical intensity of all telescope counts as a 
function of altitude is shown in Fig. 6. The time-altitude 
curve was supplied by Winzen Research, Inc. For com- 
parison, two other sets of results from vertical tele- 
scopes, at approximately the same latitude, are shown. 

In addition to this over-all examination of the data 
obtained as the equipment rose to altitude, careful 
scrutiny was given to the pulse height region from 
h=2.6 to h=5.3 times the singly charged peak. It was 
in this region that almost all the Cerenkov pulses from 
primary alpha particles would be expected. At a depth 
of approximately 150 g/cm? (~3 mean free paths for 
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Fic. 7. Vertical intensity of primary alpha particles as a func- 
tion of altitude (uncorrected), including calculated attenuation 
M.F.P. in air for these particles. 


alpha particles in air) the first resular counts began to 
appear in this region. The rate at which these counts 
appeared increased monotonically with altitude up to 
the highest altitude reached (Fig. 7). 

The belief that the particles being counted are true 
primary alpha particles is thus substantiated by the 
following facts. (1) The Cerenkov pulses from the par- 
ticles fall in the region expected for primary alpha 
particles and; (2) the rate of occurrence of such pulses 
decreased approximately exponentially with increasing 
atmospheric depth with a mean free path approximately 
that expected for alpha particles in air. 


C. Results at Maximum Altitude 


During the two hours operating time at maximum 
altitude a total of 8213 counts were obtained. The 
pulse height distribution of the regular counts is shown 
in Fig. 8. The peak at the position of four times that 
for relativistic singly charged particles is clearly visible. 
(Peak to valley ratio 2.8/1.) The pulse-height distribu- 
tion for the “J” counts is shown in Fig. 9. 
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If all the pulses lying in the pulse-height region 
0.2 <h<2.0 times the peak of the singly charged par- 
ticles (ko) are attributed to particles with Z=1, then 
those from 2.6/9 <4 <5.3ho correspond to particles with 
Z=2; those from 7.540 <4 <24.0ho, to particles with 
3<Z<5; and those above 24.0ko to particles with 
Z>6. On this basis the number of counts, both regular 
and “J”, that can be attributed to each type particle or 
group of particles is shown in Table IV. 

The corrections to the above values that are necessary 
before one can extrapolate to the top of the atmosphere 
to obtain absolute primary intensity values will be dis- 
cussed in the following sections. 


D. Interpretation of Results at Maximum 
Altitude 


(1) Singly charged particles.—It will be noted from 
Fig. 10 that the half-width of the singly charged dis- 
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Fic. 8. Pulse-height distribution of regular counts obtained at 
maximum altitude (note logarithmic scale of ordinate). 


tribution at altitude is 564+3%, a value greater than 
that for ~ mesons at sea level. This result is contrary 
to what would be expected if the singly charged dis- 
tribution at high altitude was due entirely to primary 
protons. 

Further comparison of the singly charged pulse- 
height distribution at high altitude with the sea-level 
u-meson distribution also indicates that comparatively 
low energy singly charged particles are filling in the 
small pulse height region of the singly charged distribu- 
tion at high altitudes. Notice that this group of sec- 
ondaries has no effect on the alpha-particle region since 
their pulses are smal]. Had this been an instrument that 
measured ionization loss of these particles, however, 
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Fic. 9. Pulse-height distribution of “J” counts obtained at 
maximum altitude. (Note logarithmic scale of ordinate.) 


they would have given pulses on the other side of the 
proton peak and the effect would have been damaging. 

To get a rough estimate of the%effect of these second- 
aries on the singly charged distribution assume that all 
of the counts in the region 1.249 <4<2.0h9 of this 
distribution are due to primary protons. Now since the 
general shape of the u-meson distribution at sea level 
very closely approximates the shape of the primary 
proton distribution that would be expected at maxi- 
mum altitude, let us normalize the two distributions in 
the large pulse-height region (1.249 <A <2.0he) and 
superimpose the yu-meson distribution on the singly 
charged distribution obtained at high altitude. The 
results are shown in Fig. 10. It is evident from the figure 
that there is a considerable excess in the low and 
medium pulse-height regions of the singly charged dis- 
tribution at altitude over what would be expected if all 
counts in this distribution were due to primary protons. 
It is this excess of counts that is believed to be due to 
singly charged secondary particles. 

It should be remarked that the above fitting process 
is unable to eliminate those secondary particles with 
B~1. Hence this process should serve only to set a 
crude upper limit on the intensity of primary protons 
at this altitude. 


Tasie IV. Raw data obtained at 13 g/cm* grouped 
according to apparent Z. 














Charge Regular counts “J” counts 
Z=1 6159 1082 
Z=2 339 298 
3<SZ<5 & 63 
Z>6 _ 13 57 

: 6519 1500 


Total 
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Fic. 10. Sea level w-meson distribution superimposed on the 
singly charged distribution obtained at 13 g/cm? (normalized in 
region 1.249 <A <2.0h¢). 


To find the maximum number of counts attributable 
to primary protons at 13 g/cm? recall that 6159 regular 
counts were observed in the pulse-height region 0.2h 
<h<2.0ho. From this we must subtract 1897 counts 
as being secondaries. According to the previous dis- 
cussion between 1.5°7%-2.5% of the total number of 
protons can be expected to be accompanied by “J” 
producing knock-on electrons and an additional 6.0% 
will have collisions in the material below the Lucite 
block that can cause “J” counts. Thus one would expect 
7.5%-8.5% of the proton counts to be accompanied by 
“J” counts. These counts should show a definite pulse 
height structure. The interpretation of Fig. 9 shows 
approximately 418 counts or 8.7% of the total number 
of proton counts can be attributed to these effects. We 
must now add to the remaining regular counts these 
418 counts that were originally recorded as “J” counts 
but were actually so labeled due to knock-on electrons 
and nuclear interactions occurring below the block. 
Finally, we must take into account the tail of the singly 
charged (proton) distribution lying above a pulse 
height 2.04) and blending in with alpha-particle dis- 
tribution (Fig. 11). This accounts for an additional 102 
counts. Thus there is a maximum of 4782 counts that 
can be attributed to primary protons. This gives a 
vertical intensity of 


718 protons/m*-steradian-sec at 41.5°N 
at a depth of 15.5 g/cm’. 


Note that this is an upper limit for the primary 
proton intensity at this altitude and may include a 
considerable fraction of singly charged secondaries 
with 8~1; therefore it is difficult to assign a meaningful! 
“error” to this result. 

(2) Alpha particles:—The half-width of the alpha- 
particle pulse-height distribution is 302.6%. This is 
roughly what would be expected if the principal cause 
of the half-widths of the various distributions was the 
statistical production of photoelectrons in the photo- 


multiplier. 
In order to obtain an accurate evaluation of the 
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total number of counts that can be attributed to pri- 
mary alpha particle we note two important features of 
the regular pulse-height distribution in the region, 
2.5ho <h <6.0ho. (a) The valley between the two dis- 
tributions does not drop to zero, but is approximately 
40% of the alpha-particle peak, showing that some type 
of background exists in this region. (b) The alpha- 
particle pulse-height distribution appears to drop off 
quite rapidly to zero except for a possible knock-on 
electron tail in the region 4.049 <4<6.0ho. This fact 
shows that the background is quite small in this region. 

There are two causes of background in the region 
between the two distributions. One is the overlapping 
of the two adjacent distributions. The other is the 
possibility that the guard and shower devices were not 
100% effective in detecting nonalpha events. To esti- 
mate the background in the alpha-particle region due to 
this second cause let us first compare the number of 
regular counts and “J” counts in the pulse-height 
region 6.0/9 <h <8.0ho. Nearly all of the counts in 
this region should be “J” counts since this region is 
between the alpha particle and lithium distributions. 
If a significant number of regular counts occur in this 
region it would indicate that the guard and shower 
detection systems were not 100% effective. In this 
pulse height region 65 “J” counts and only 2 regular 
counts are obtained, thus we conclude that the detection 
system is very nearly 100% effective (for “J” counts 
of this size at least). This deduction is corroborated by 
the data obtained as the apparatus rose to altitude. 
All of the 10 pulses with 4>2.8h9 were “J” pulses in 
the altitude range below 200 g/cm* where the heavy 
primaries Z >2 would not be expected to penetrate. 

It thus appears that the principal cause of back- 
ground between the singly charged distribution and the 
alpha-particle distribution is the overlapping of the two 
distributions. This background does not extend through- 
out the alpha region but contributes only to the low 
pulse-height side of the alpha peak. This singly charged 
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Fic. 11. Enlarged graph of alpha-particle distribution show- 
ing the interpolation between the proton and alpha-particle 
distributions. 
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(proton) tail can be subtracted with accuracy, since 
whether this tail is due to knock-on electrons or sta- 
tistical fluctuations, or both, it should have the same 
shape as the known u-meson tail. Therefore after proper 
normalization we may simply subtract out the tail 
obtained from the sea level runs on » mesons. This is 
done in Fig. 11. The subtraction removes a total of 28 
counts that we originally attributed to alpha particles. 
According to the previous calculations 6-10% of the 
total number of alpha particles will be accompanied by 
“J” producing knock-ons, and an additional 7% will 
be accompanied by “J” counts caused by collisions. 
Thus one would expect 13-17% of the total number of 
alpha particles to be accompanied by “J” counts. 
Examination of the “J” pulse-height distribution in 
Fig. 9 in the region 2.0ho <4 <6.0ho shows that approxi- 
mately 63 counts or 16.5% of the total number of 
alpha particle counts can be attributed to these effects. 
These 63 “J” counts that were so labeled due to 
knock-on electrons and nuclear interactions occurring 
below the block must now be added to the counts that 
were originally attributed to alpha particles. 

The total number of counts that can finally be 
attributed to primary alpha particles is thus 374. 
Extrapolating to the top of the atmosphere from the 
bottom of the Lucite radiator (13.0 g/cm* of air 
+2.5 g/cm? of local material) using a M.F.P. of 445 g 
cm? (see reference a of Table II) gives for the vertical 
intensity of primary alpha particles: 


82+9 (m? steradian sec) at 41.5° N 


with all statistical and experimental errors included. 

(3) Particles with Z>2.—Any attempt to obtain an 
accurate value for the intensity of these heavier par- 
ticles is complicated by the following factors: (a) The 
statistics obtained were poor; (b) no resolved pulse- 
height distributions were obtained; (c) the correction 
for knock-on electrons and nuclear interactions occur- 
ring below the block and thus causing “J” counts 
became larger and progressively more uncertain for the 
larger values of Z. Nevertheless it is illuminating to get 
a rough measure of the intensities of this component as 
measured by this type of detector. _ 

Using (a) the Z* dependence of Cerenkov light and 
(b) the amplifier calibration curves, a total of 8 regular 
counts were obtained in the 3<Z<5 (L) region and 
a total of 13 regular counts in the Z>6 (M+H) 
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region. Making corrections for “J” counts caused by 
knock-on electrons and for nuclear interactions below 
the block gives a total of 1145 (L) counts and 35415 
(M+H) counts. These values correspond to vertical 
intensities of 1.6 and 5.1 particles/m* steradian sec, 
respectively, at a depth of 15.5 g/cm*. The L/(M+#H) 
ratio at this depth is thus 0.31+0.2. It is to be empha- 
sized that these are very rough values. They are given 
only for the sake of completeness. 


V. COMPARISON WITH PREVIOUS MEASUREMENTS 
OF THE ALPHA-PARTICLE INTENSiTY AT 41°N 


In conclusion, the experimental results of many 
observers using various techniques are summarized in 
Table V for the alpha-particle intensity at 41°N. 


Taste V. Comparison of vertical primary alpha-particle in- 
tensities obtained at the top of the atmosphere by different experi- 
menters (A~41°N). 








Alpha-particle in- 
tensity (particles/ 





Refer- m?-steradian- 
Author ence Method Lat. sec) 

Webber Cerenkov detector 41,5° 8a 9 
McDonald 

Bohl 5 Double scintillator 41.5° 9+ 8 
Linsley 10 Cerenkov detector and 41.5° 92415 

cloud chamb. 

Horowitz 9 Cerenkov detector 41.5° 99415 
Perlow et al. 3 Proportional counters 40.0° 110420 
Bradt and Peters 6 Photographic emulsions 41.7° 138 +20 


It is noteworthy that the most recent values lie 
markedly below the earlier ones.** This tendency in the 
data is believed due to progressively better resolution 
and identification of alpha particles. 
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An analysis of 84 charged V events obtained during two years of operation of a vertical magnetic cloud- 
chamber array is presented. The particular features of interest which are studied in detail are the distribu- 
tion of P*, the momentum of the charged secondary in the rest system of the primary, and the possible 
existence of a component of short lifetime (i.e., 7<5X10~" sec). The P* distribution from 19 siow, accu- 
rately measurable positive events is shown to imply that the large majority of these events arise from one 
ot more two-body decays from primaries of mass approximately equal to that of the r meson. One case 
turns out to be inconsistent with this interpretation, and is presumed to represent a three-body decay. The 
P* distribution from 6 slow, accurately measurable negative events is consistent with a single two-body 
decay having a P* value of about 200 Mev/c. This suggests the existence of a negative counterpart to the 
well-known @ particle, though the statistics are much too poor to permit any strong conclusion. The lifetime 
analysis provides strong evidence for the existence of a negative component of lifetime equal to or less than 

1.340.6)X10~" sec. The transverse momentum distribution for these short-lived events is shown to 
suggest a two-body decay with a P* value of 201+12 Mev/c 


ARE 


I. INTRODUCTION Some of the particles listed under different headings 
above may be identical. 

This paper describes an analysis of 84 charged V 
events observed in a magnetic cloud chamber. A 
possible interpretation of these events in terms of the 
above-listed particles is also given. This discussion does 
not include those few events which are clearly examples 
of “cascade decays” [category (h) above ]. 


HE properties of charged particles, heavier than 
the x meson, which decay into a single charged 
secondary have been studied in detail both in mag- 
netic'* and multiple-plate** cloud chambers and in 
photographic emulsions.* The results from various 
studies have tended to indicate that there are apparently 
several different kinds of such particles, the observed 
relative number of each -— depending upon the I. EXPERIMENTAL ARRANGEMENT AND 
experimental geometry used. Up to the present time, MEASUREMENT TECHNIQUE 
evidence for the following decay scheme 
The data discussed in this paper were obtained with 
the 48-in. magnet cloud chambers which have been in 
operation in Pasadena (220 m elevation) since January, 
{000m, 1953. For the first seven months of operation, this 
equipment consisted of a vertical array of four cloud 
chambers each 55 cm long, 20 cm high, and 20 cm in 
m(" 954_20°m,. illuminated depth, placed in a magnetic field of ap- 
(Alternate decay mode of r proximately 8000 gauss. In July, 1953, the two upper 
chambers were replaced by a single double-size chamber. 
Expansions were triggered by a penetrating-shower 
Q= 11142 Mev. detector consisting of three trays of eight G. M. 
+6 Mev. counters placed above, between, and below the cham- 
bers. Each pair of chambers was separated by approxi- 
mately 50 g/cm? of lead or copper absorber. For most 
in part is permitted for any purpose of the United States of the work the two coincidence arrangements 2-2-1 
Government ; ere : 2 or more counts from the upper tray, 2 or more from 
- ok ad a aa on a yg Ron tee the middle tray, and 1 or more from the bottom tray) 
1954 and 0-2-2 were used in parallel, yielding a counting 
* Kin Burwell, Huggett, and Thompson, Phys. Rev. %, 229 rate of about three per hour. Stereoscopic photographs 
Ba ge, Peyrou, Rossi, and Safford, Phys. Rev 
* Gregory, Laguarrigue, Leprince-Ringuet, Muller, and Peyrou, _ bers) on 70-mm Kodak Linagraph Pan film. The experi- 
Nuovo cimento 11, 292 (1954 ~ ; mental arrangement is indicated schematically in Fig. 1. 
* Proceedings of the Bagnéres Conference, 1953 (unpublishe ; 7 4 ; Vk ae 
? Bledeon Mallee Arncid. Harris. Rau. Reynolds, and Treiman. Considerable care was exercised to minimize con- 
Phys. Rev. 96, 1089 (1954 __-vective distortions resulting from unsatisfactory tem- 
— Kaplon, Klarmana, and Noon, Phys. Res perature conditions on the chambers. For this purpose 
* Castagnoli, Cartini, and Manfredini, Nuovo cimento 12, 464 an elaborate thermostatting arrangement was used to 
(1954). 
* Proceedings of the Padua Conference, Nuovo cimer 12, iE. W. Cowan, Phys. Rev. 94, 161 (1954 
Suppl. No. 2 (1954 “W.B. Fretter and E. W. Friesen, Phys. Rev. 96, 853 (1954) 
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obtained : 


m(K 1000m, 


930+ 15m.,. 


Q= 11742 Mev 


* Assisted by the joint program of the Office of Nava! Research 


and U. S. Atomic Energy Commission. Repr whole or 


921 (1953 were taken by two cameras (one for each pair of cham- 
90, 921 (19 2 
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produce as uniform temperature conditions over the 
chambers as possible, with the exception of a slight 
vertical gradient to insure stability. Even so, the mag- 
nitude of thermal distortions varied considerably during 
the experiment. The assignment of errors was made on 
the assumption (believed to be conservative) that 3 
Bev/c was the maximum detectable momentum for 
tracks of 20 cm length except when the presence of 
visible distortions required a corresponding increase in 
the estimated magnitude of the errors. 

The measurement and reprojection procedures were 
essentially scaled up versions of those used by Leighton 
et al.,* and have been described in detail by van Lint." 


Ill. GENERAL SURVEY OF THE DATA 


Out of approximately 30 000 pictures obtained over 
two years of operation, a total of 84 analyzable charged 
V events were obtained. In the identification of these 
events the transverse momentum of either the primary 
or the secondary was required to be greater than 50 
Mev/c without any visible recoil blob at the apex, to 
eliminate scatterings and r—y decays.' Table I shows 
the numbers of positive and negative decays observed 
in each chamber. The chambers are numbered from top 
to bottom, and the number 12 is used to refer to the 
double-size chamber which replaced chambers 1 and 2. 
In trying to interpret this distribution of decays one 
should note (see Fig. 1) that on the average one can 
see with ease about 2 cm closer to the production layer 
in chambers 2 and 4 than in chambers 12, 1, and 3 
because of the location of the cameras. Therefore, any 
events with mean decay distances comparable to 2 cm 
will be predominantly found in chambers 2 and 4. 
Table I shows no indication of any short-lived positive 
component. In particular, there are about as many 
positive decays in 1 as in 2, and in 3 as in 4; and 
chamber 12 shows the large number of decays expected 
for long-lived particles taking full advantage of the 
double size of the chamber. On the other hand, there 


—— SHIELDED COUNTER TRAY 
ABSORBER 
CLOUD CHAMBER eee ae 


/ 
CAMERA LENS AxES———{ 


\ 
SHIELDED COUNTER TRAY \ 


CLOUD CHAMBER \ 
ABSORBER -- 


CLOUD CHAMBER 
SHIELDED COUNTER TRAY 


Fic. 1. Schematic diagram of the cloud chamber, 
absorber, and counter geometry. 


4 Leighton, Wanlass, and Anderson, Phys. Rev. 89, 148 (1953). 
“V. A. J. van Lint, Ph.D. thesis, California Institute of Tech- 
nology, 1954 (unpublished). 
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Tasie I. Numbers of positive and negative events in 
various subgroups of the sample analyzed. 





Total 


Distribution in various chambers 
number 4 


Heavily 
12 i 2 3 ionizing 


Sign 





i 41 17 4 9 7 19 
- 43 13 1 + 20 5 








are five times as many negatives in chambers 2 and 4 
as there are in chambers 1 and 3. This could be a sta- 
tistical fluctuation though the probability that 30 
events will split in the ratio 25 to 5 or greater if the 
a priori probabilities are equal is only 0.0004. Thus the 
distribution of the decays among the chambers sug- 
gests the presence of a very short-lived negative 
component. 

The last column of Table I shows the numbers of 
positive and negative decays with heavily ionizing pri- 
maries. Here there appears to be a very large pre- 
dominance of positives. In fact, if one supposes that this 
asymmetry arises from a statistical fluctuation, the 
probability of obtaining from 24 slow events a dis- 
tribution of equal or greater asymmetry is only 0.006. 

From the above considerations, it is clear that al- 
though the total numbers of positives and negatives 
are nearly equal, there appear to be important differ- 
ences between the two components. These will be 
treated in more detail in Sec. V where the quantitative 
aspects of the data are discussed. 


IV. THEORETICAL DISCUSSION OF MEASUREMENTS 
A. Decay Energies 


From each of the observed decay events, an effort 
was made to secure maximum information concerning 
the nature and energetics of the decay. The quantity 
which is studied is P*, the momentum of the charged 
secondary in the rest system of the primary. Some 
information about P* can be secured from Pr, the 
transverse momentum of the charged secondary, a 
quantity independent of the motion of the primary. 
This transverse momentum is always a lower limit to 
the value of P* for each individual decay event, and 
its distribution F(Pr) is related to the distribution of 
P*, G(P*), by the equation 


tin Puas* G(P*)dP* 
F(Ps)dPe= f nee re 
Pr = P*( PP? — Pz*)8 


if the decay is isotropic in the rest system. 

In particular, a two-body decay will give a Pr dis- 
tribution which is highly peaked at the high end while 
a three-body decay will generally give a very much 
broader distribution with a very flat maximum near 
the middle. 

If the ionization or momentum of the primary can be 
obtained and used to estimate 8, its speed, then the 
momentum P* can easily be calculated from the usual 
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Lorentz transformations. In making these calculations 
it is necessary to make two assumptions: 

(1) The identity of the charged secondary must be 
assumed. 

(2) If the primary momentum is available, one must 
assume the mass of the primary to get the velocity 8. 

The errors introduced by these assumptions are 
easily seen to be proportional to cos#* (where 6* is the 
angle of emission in the rest system) and, hence, are 
small for cases for which cos#* is sma!i. Furthermore 
any average value of P* which is taken from a number 
of cases will have small errors from this source since 
(cos6*)=0, i.e., for an isotropic distribution of decays 
these errors tend to cancel out. 


B. Effect of Biases 


In attempting to interpret the shape of a distribution 
(of P* or Pr for example) in terms of a decay scheme, 
it is essential to take into account the effects introduced 
by the biases of the cloud chambers. Because of these 
biases, events which occur in one part of the distribution 
may be favored over those which occur elsewhere so 
that the resulting distribution may depend not only on 
the decay properties but also on the limitations of ob- 
servation and measurement introduced by the cloud 
chamber geometry. It should be noted that such biases 
exist even if the width of the distribution arises wholly 
or in part from experimental errors, for in such cases 
events in which the errors are in one direction may be 
more easily measured than those for which the error is 
of opposite sign. 

This bias problem may be attacked in two ways: 

(1) The range of the variable in the distribution and 
the sample of events represented can be selected so that 
a member of this sample would have been included no 
matter where it had occurred within the allowed range 
of the variable. 

(2) The theoretical distributions can be altered to 
take account of the cloud chamber biases. 

As illustrations of these ideas, consider the P* and 
Pr distributions. It will be assumed in this discussion 
that the three fundamental quantities P*, @*, and A 


(all previously defined) are independently distributed 
The main source of bias in the P* distribution arises 
from the fact that for unfavorable locations in the cloud 


OB + 


Fic. 2. Plot of the ratio (Pr)/(P*) as a function 


of the angle @.:.° 


AND R. B. 


LEIGHTON 


chamber a decay may be measurable only if its value of 
P* is not too large. Even if the P* distribution is actu- 
ally only a single line, those cases in which errors tend 
to decrease the measured value of P* will appear to 
be more accurately measurable than those events in 
which the errors increase P*. On the other hand, very 
low values of P* (<100 Mev/c) also tend to be dis- 
criminated against because of the likelihood of con- 
fusion with r— decays or scatterings. 

For each event one must therefore assign a range of 
possible values of P* such that for any of these values, 
the event could have been measured with sufficient 
accuracy and not confused with scatterings or r—y 
decays. The upper limit of this range is obtained by 
requiring that the secondary momentum be measurable 
to a certain preassigned accuracy. The lower limit is 
essentially zero for cases with heavily ionizing pri- 
maries since these are identifiable as charged V particles 
regardless of the value of P*. For events with minimum- 
ionizing primaries, one can take as the lower limit that 
value of P* which would give 50 Mev/c transverse 
momentum.’ Having thus assigned a useful range to 
each event, one should take for the distribution an 
overall range which is within the limits of most of the 
cases and over which the shape of the distribution has 
interest ; and one should include in the distribution only 
those cases whose individual ranges of measurable P* 
include the overall range for the distribution. Carrying 
out such a procedure does not mean that events thereby 
excluded should be completely disregarded. Such events, 
however, would tend to be the least accurately meas- 
ured ones and, by themselves, could not be used to 
provide very strong evidence without being quite sure 
that their errors had been properly estimated. 

he bias situation in the analysis of the transverse 
momentum distribution is considerably more compli- 
cated. Here the bias arises from the fact that the most 
easily detectable and measurable events are generally 
those which are emitted with large backward angles in 
the center-of-mass system. Such biases are most pro- 
nounced for decays which occur in unfavorable loca- 
the chambers such that the secondary track 
is short, and for events with high primary 
velocity. The effects of such biases are well illustrated 
in Fig. 2 which shows how the quantity (Pr)/(P*) (the 
stands for mean value) varies as a function 
of the angle @,,i.*, the minimum angle of decay in the 
center-of-mass system for which the event would be 
sufficiently well measurable to be included in the dis- 
tribution. If one assumes an isotropic angular distribu- 
tion in the center-of-mass system (as has been done to 
obtain the curve of Fig. 2), the ratio (Pr)/(P*) is purely 
geometrical, that is, independent of the distribution 
of P* except insofar as 8,i.* depends upon P*. It is 
seen from Fig. 2 that for events sufficiently slow and 
well located that all backward angles give measurable 
decays (i.€., Omin* < 90°), the value of (Pr)/(P*) re- 
mains reasonably constant (sufficiently so to make the 
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TaBLeE II. Data on 19 positive events for which an accurate value of P* can be obtained [P;= momentum of the primary, (//Jo): 
= ionization of the primary, P:= momentum of the secondary, (//J»)2= ionization of the secondary, @= angle of decay, P* (us) =center- 
of-mass momentum assuming w-meson secondary, P*(x)=center-of-mass momentum assuming x-meson secondary, AP*= probable 


error in P*}. 











Pi Ps 
Case (Mev/c) (Mev/c) 


P*(u) P*(r) 


ape 
(Mev/e) (Mev/e) (Mev/e) 





6823 

9538 
10 041 
12 010 
12 191 
12 564 
16 091 
17 496 
18 $71 
18 670 
20 445 
22 644 
24 508 
27 615 
29 312 
30 166 
31 855 
33 725 
37 034 


2254 17 
415+ 80 
630+ 90 
~50 

2514 75 
600+ 130 
4734 55 
5454 54 
340+ 95 
218+ 15 
230+ 11 
590+ 150 
370+ 76 
3304+ 90 
164+ 15 
202+ 11 


112+10 
200+40 
270438 
322440 
126+23 
177414 
107+ 6 
460+70 
150+10 
204+19 
210+20 
360455 
198+40 
390-480 
329425 
330425 
285+29 
300425 
206421 


a 


A Th A VA 

ereverrecers> 
funn PorTpsy 
on =r f 
an Cow on 


A 
oe Pe 


1000+ 300 
130+ 30 


Yin 
~ 


142 150 +11 
272 282 +55 
251 +34 
295 +40 
211 +41 
262 +39 
222 +17 
175 +33 
214 +23 
244 +21 
280 +25 
222 +31 
229 +44 
240 +55 
242 +20 
257 +20 
191 189 +21 
215 228 +3 
215 216 +22 








distribution useful in distinguishing two- from three- 
body decays), but that for events for which only large 
backward angles give measurable decays (i.€., Onin* 
>90°) the value of (Pr)/(P*) drops very rapidly, 
which has precisely the effect of making a two-body 
distribution look like a three-body one. Therefore, if 
biases are to be minimized, each event included in the 
distribution must be sufficiently well located and 
sufficiently slow that if the secondary had been emitted 
with the maximum transverse momentum at 6*=90°, 
it would have been measurable and the laboratory angle 
of decay would have been sufficiently large to permit 
easy detection of the event. 


V. DETAILED DISCUSSION OF THE DATA 


A. Direct Measurement of P* 


A total of 32 events (25 positive, 7 negative) had 
measurable secondary momenta, and were heavily 
ionizing and/or had measurable primary momenta. Two 
values of P* were calculated for each of these events 
assuming a primary mass of 500 Mev and a #- or a 
u-meson secondary. It should be noted that in all these 
cases the measured primary mass either directly sug- 
gests or is not inconsistent with a value around 1000m,. 
Ranges of values of P* for which the event was meas- 
urable were also calculated as indicated in Sec. IV, the 
upper limit of each range being set by requiring a 33% 
accuracy in the momentum of the secondary. All events 
(19 positive, 6 negative) which were measurable for 100 
Mev/c< P*<300 Mev/c are listed in Tables II (posi- 
tives) and III (negatives). A histogram of the P* 
distribution for the positives is shown in Fig. 3. Only 
the positives were plotted to represent as pure a sample 
as possible. The intervals on the histogram were chosen 
to include roughly equal numbers of cases, and each 
event was given the same rectangular area with a half- 





width equal to the assigned error. It is clear from 
Table II and the histogram that most of the positive 
events are consistent with a single two-body decay. The 
spread of the distribution is completely consistent with 
the error width to be expected from a two-body decay, 
but is much smaller than would be expected for a three- 
body decay. The only individual case which appears 
inconsistent with this interpretation is No, 6823 which 
will be discussed shortly. If this event is deleted from 
the sample, the weighted mean value of P* obtained 
from the remaining events, on the assumption that they 
all represent the same two-body decay, is: 


(P*)= 23947 Mev/c 
(P*)= 24347 Mev/« 


(u secondary), 
(x secondary), 


where the error was obtained from the spread of values 
about the mean combined with a possible 2% error 


EVENTS / 100 Mev/c 


= 
me —, | r r | SeEEnaeN speen 
100 150 200 250 300 350 
P* (Mev/c) 
Fic. 3. P* distribution for 19 accurately measurable positive 
decay events, calculated on the assumption that the char 


secondary is a ~ meson and that the primary has a mass of 
Mev 
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Tasie IIL. Data on six negative events for which an accurate value of P* can be obtained. 











" P: 
Case (Mev/c) (Mev/o) 


6 P*(y) hy) ape 
deg (Mev/c) (Mev/c) (Mev/c) 








660+ 190 
220+ 55 


280+ 65 


205+ 16 
1864 18 


2134 5 


19 648 
24 018 


26 717 


26 971 
34 082 


35 487 


500+ 80 
101+ 15 


+125 
204 - 62 


1100+ 280 


300+ 125 


arising from the calibration of the magnetic field and 
systematic gas distortions."*"* 

If one assumes that the two-body decay scheme 
represented is 

K* — p* +», 
the above value of P* corresponds to a primary mass of 
980+30m,. This figure is quite consistent with the 
mass of the r meson, and is a little higher than, though 
probably not inconsistent with, the mass of the 
K,* (930+ 15m,). 

From Table IT, it is clear that the errors on individual 
cases are fairly large and that some of the decays could 
be of the type’ 

Ot — xt+r° 


(P* = 206 Mev,'c). 


In fact, some of the cases listed in Table II seem to 
agree better with this lower value of P*. It is clear that 
if a few of these events are actually present, their re- 
moval would have the effect of raising somewhat the 
(P*) of the remaining events, thereby increasing the 
discrepancy with the value P*=226 Mev/« 
cepted for the K, particle. It thus appears quite likely 
that at least some of the present events have P* values 


now ac- 


appreciably above 226 Mev/c. 

Event 6823 is not consistent with the values of P* 
suggested above, nor does it appear very likely that it 
represents the decay 


+ 


gt —> gts", 

because its measured value of P* is nearly two probable 
errors above the maximum allowed value, itself quite 
improbable, of 133 Mev/c for this decay. It may, how- 
ever, represent an example of the decay 


x* — p*t+2 neutrals, 


which has been suggested by photographic plate results. 
It is also quite possible that some of the higher values 


% As an indication of the possible magnitude of gas distortions, 
one can consider the mean A® Q-value obtained with the same 
apparatus, namely 36+0.5 Mev. If the difference between this 
value and the presently accepted 37 Mev 
taken as a significant indication of the direction of such 
tions, then a similar effect on the positive charged V data would 
cause an overestimate in P* of about 5 Mev/c. This would reduce 
the P* value corresponding to a ~-meson secondary down to 234 
Mev/e. 

* Friedlander, Keefe, Menon, and Merlin, Phil. Mag. 45, 533 
(1954). 
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aistor 


305 
238 


196 


203 
196 


198 


+100 
+ 58 


+ 45 
+ 33 
+ 27 


+ 12 
—- § 


<2 23 310 
<2 236 


1.2-2.5 198 


<2 180 
<1.5 188 


<15 198 








of P* which are consistent with the previously discussed 
two-body decays really arise from the three-body decay 
suggested above. As has been mentioned before, how- 
ever, the lack of events with low values of P* makes it 
very unlikely that such a three-body decay could, by 
itself, account for the observed distribution of P* values. 

The negative events of Table III appear to be con- 
sistent with a single value of P* of approximately 200 
Mev/c. In particular, the best case (35 487) yields a 
value, 198_s*" Mev/c, which seems considerably lower 
than the average given above for the positives, but is 
highly consistent with the value 206 Mev/c, expected 
for 6* decay. The small number of cases of course pre- 
vents any strong conclusion regarding the existence of 
the decay 


2+ (P*=206 Mev/c), 


but this must be regarded as a possible interpretation 
of the data. 

It has been suggested by the Massachusetts Institute 
of Technology multiple-plate chamber results that the 
positive S particles consist of a mixture of particles 
undergoing the decays: 


Ky * 72 utt+y, 
Ot — xt+-2°. 


One possible interpretation of the positive-negative 
asymmetry for slow events, consistent with the present 
data, is that only the @* has a negative counterpart. If 
this interpretation were correct, it would imply that 
the K,* and @ are definitely not alternate decay 
schemes of the same particle. More data on negative 
decays would be necessary, however, to establish the 
correctness of this interpretation. 


B. Analysis of Lifetime 


The work of York e¢ al.! and Kim e/ al.* has indicated 
that the charged V particles contain a short-lived com- 
ponent (i.e., r55X10~-" sec). The discussion of Sec. 
III has suggested that perhaps the events treated in 
this paper may also contain a short-lived group. 

In order to verify the existence of a short-lived com- 
ponent, and to measure its lifetime, it is necessary to 
study the distribution of decay points in the chambers 
to ascertain whether these points are more concentrated 
near the top of the chambers than would be expected 
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for a uniform distribution. In particular, one measures 
the quantities x and D for each event, where x is the 
decay length and D is the gate length. Both of these 
distances were measured from a point on the primary 
track 1 cm from where this track entered the well- 
illuminated region of the chamber, this latter distance 
being measured along the projection of the track upon 
the plane of the chamber piston. Any events for which 
the decay occurred closer to the edge of the illuminated 
region were not used. For the purposes of calculating D, 
the gate length, it was assumed that an event was 
properly identified as a charged V particle if the trans- 
verse momentum was one probable error above 50 
Mev/c. No event with decay angle less than 10° was 
used, on the grounds that the detection efficiency for 
these was much poorer than for larger-angle cases. 
Histograms of the x/D distribution for all cases for 
which D>8 cm are shown in Fig. 4 (positives) and 


Fig. 5 (negatives). The corresponding mean values are: 
Positives: (x/D)=0.54+0.05 (34 cases), 


Negatives: (x/D)=0.3340.05 (30 cases). 


4: 


| cme WIA. 


9 Loa 
= 0.2 08 
x/0 





Fic. 4. x/D distribution for 34 positive events. The shaded area 
represents those cases whose primaries are heavily ionizing. 


The errors given above are statistical standard devia- 
tions to be expected for 30 cases randomly selected 
from a population having a uniform x/D distribution. 

It appears from the histograms and from the above 
values of (x/D) that the positives exhibit the uniform 
distribution expected from long-lived decay events 
while the negatives seem to contain a short-lived 
component. It should be noted that the evidence con- 
cerning the existence of a short-lived component pro- 
vided by the x/D distribution is completely inde- 
pendent of that afforded by the numbers of events 
detected in the various chambers. If each of the ob- 
served distributions is interpreted as a statistical 
fluctuation rather than as due to the existence of a 
short-lived component, the probability of getting such 
a combination of fluctuations is extremely small. 

Further support for the above conclusions is afforded 
by a study of the distribution of the origins from which 
the charged V particles come. Figure 6 shows a plot 
of the values of x/D versus A for those events which have 
origins less than 10 cm from the illuminated region of 


0.4 0.6 08 Lo 
x/0 


Fic. 5. x/D distribution for 30 negative events. The shaded area 
represents those cases whose primaries are heavily ionizing. 


the chambers. A is the distance between an origin and 
the illuminated region. The two vertical lines on the 
plot are the limits determined by the cloud-chamber 
geometry within which most of the events are likely 
to have their origins. The following features can be seen: 

(1) The positives are distributed in approximately 
uniform fashion with no apparent correlation between 
x/D and A. 

(2) The negatives, on the other hand, seem to be 
concentrated near the lower limit of A. Furthermore, 
the low values of x/D appear to be associated with close 
origins. 

The observations provide additional evidence in 
favor of the interpretation of the low value of (x/D) 
of the negatives as due to a short-lived component (i.e., 
7<5X10~-" sec). It should be noted, on the other hand, 
that it is very unlikely that a short-lived component is 
the sole constituent off[the negative charged V par- 
ticles, for the following reasons: 

(1) Event 24 018 (see Table IIT) has a lifetime within 
the illuminated region of the chamber of about 2 10~* 
second. Event 19 648 traverses two chambers prior to 
decay and thus lives about 3X 10~* second. Such events 
are almost certainly not of the same type as the short- 
lived events discussed above. 
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Fic. 6. Relationship between x/D and 4 (the distance from the 
edge cf the illuminated to the interaction in which the 
primary is produced) for 4 pom and 21 negatives. The two 
vertical dashed lines caqueenat the oximate boundaries of the 
absorber between chambers and are, t ore, a ed to enclose 
most of the events, Only those cases for which 4<10 cm are 
plotted. 
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Fic. 7. Relationship between transverse momentum Pr and 
laboratory angle of decay @ for 15 “short-lived”’ negative events 


The vertical dashed line represents the calculated value of (P* 
for these events 


(2) There appears to be no correlation between slow 
primaries and very short decay distances. This is 
shown clearly in Fig. 5 where the cross-hatched region 
represents the five slow cases. It is apparent that these 
events have much longer mean lives than do those 
which are responsible for the peaking of the x/D dis- 
tributions at the low end. 


C. Further Properties of the Short-Lived Events 


It is clear that for short-lived events, long secondary 
track lengths are in general available, and hence one can 
hope to obtain a reasonably unbiased transverse mo- 
mentum distribution for them. In order to obtain such a 
distribution a sample consisting only of negative events 
for which x<4 cm or for which the primary track 
length was too short to calculate a value of x, and which 
were not heavily ionizing, was chosen. Fifteen cases 
which, incidentally, 
If the 
previous interpretation of the lifetime data in terms of a 


satisfied the above requirements 
would have been satisfied by only one positive 


short-lived negative component is correct, then one can 
reasonably expect that the above mode of selection 
of the 
events, and conclusions drawn from this sample should 
be applicable to the short-lived component. On the 
other hand, if the x/D distribution does in fact represent 
a fluctuation, the selection procedure will in no way 
bias the transverse momentum distribution, and the 
conclusions drawn from it will apply to the total 


will give a sample consisting chiefl; short-lived 


sample of negative charged V particles 

In order to examine the effect of biases (discussed in 
Sec. IV) on the transverse momentum distribution, 
the velocities cf the primaries must be estimated. For 
this purpose, a plot of iaboratory angle of decay versus 
transverse momentum 
Fig. 7. For each event the error in the transverse mo- 
mentum is shown. An examination of this plot reveals 
that, except for the two events with the lowest angles, 


was made. This is shown in 
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the higher transverse momenta are associated with the 
lower angles. 

This observation is clear evidence that most of the 
secondaries are emitted backward in the center-of-mass 
system, with the probable exception of two or three 
events. An estimate of the speed of the primaries in 
these events can be made from the fact that the maxi- 
mum transverse momenta of about 200 Mev/c are 
associated with laboratory angles of about 30°. From 
these numbers one obtains y8~ 1.4. If one then plots a 
transverse momentum distribution for only those 
members of the sample which satisfy the bias require- 
ments of Sec. IV, assuming y§8~1.4 for all cases, the 
plot of Fig. 8 results. (The application of these bias 
requirements eliminates only one case from the sample 
because the selection of short-lived events favors long 
secondary track lengths.) Figure 8 appears most con- 
sistent with a two-body decay. If such a decay is 
assumed, with a value of P*~ 200 Mev/c as indicated 
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Fic. 8. Transverse momentum distribution for 14 “short- 
lived” negative events. The dashed line represents the calculated 
value of (P*) for these events. 


by the figure, one can compute a more precise value of 
P* in the following way: 

(1) Using the plot of Fig. 7 to determine whether 
the secondary was emitted forward or backward in the 
center-of-mass system, and assuming P*~ 200 Mev/c, 
one calculates a value of y8 appropriate for each event. 

(2) By requiring a minimum laboratory angle of 10° 
and a minimum accuracy in the secondary momentum 
of 25%, one next determines the value of @nin*, the 
minimum angle in the center-of-mass system for which 
each decay can be considered as detectable and measur- 
able. One then uses Fig. 2 to assign to each case an 
appropriate value of (P*)/(Pr). 

(3) Finally, these values averaged over all the events 
give the best ratio of (P*)/(Pr) for the whole sample, 
from which (P*) can be calculated from (Pr). 

The value (P*) obtained by this procedure is 


(P*)=201+12 Mev/c, 


where the quoted error combines the probable errors 
due to statistics and to measurement inaccuracies. 
The above value also contains a slight correction for the 
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fact that transverse momenta below 50 Mev/c are not 
included. The value of (P*) just stated is in good agree- 
ment with the maximum values of Pr on individual 
cases, within the measurement errors. 

It is clear, from the above result, that the short- 
lived component of the negative charged V particles is 
indistinguishable from the longer-lived negative com- 
ponent insofar as decay energies are concerned. Thus, 
if the primaries of the short-lived decays are K par- 
ticles, they could represent the negative counterpart 
of the @: 


6-—+x-+2° (P*=206 Mev/c). 


However, it is also quite possible that the primaries 
are hyperons decaying according to the scheme: 
Y-— 9 +n. 
The Q value for this decay would then be 
Q=125+12 Mev. 


This is in good agreement with the photographic 
plate results on the decay: 
(Q=117+2 Mev), 
(Q=111+42 Mev). 


z+ w+) 


2+ — xt-+n 


If, in fact, the hyperon interpretation is correct, one 
may then wonder why the positively charged counter- 
parts of these events are not observed. One possible 
explanation could be that the =* particle decays pre- 
dominantly into a proton (rather than a neutron) in 
which case with the velocities observed for the negative 
events, the maximum angle of decay would be expected 
to be around 9°. Such decays would be difficult to 
detect, particularly in view of the short life of the 
primary. 


D. Lifetime Calculation 


The low value of (x/D) obtained for the negatives 
makes a lifetime calculation for these cases possible, 
but as pointed out in Sec. V-B, the result of such a 
calculation is likely to be no more than an upper limit 
to the true lifetime of the short-lived events. In order to 
make this upper limit as close as possible to the actual 
value, the following ways of eliminating long-lived 
events, without introducing biases into the sample, 
were used: 

(1) Only negative decays occurring in chambers 2 
and 4 were included in the sample. 

(2) No event with a heavily ionizing primary was 
included. 

(3) No event whose primary could be seen in a 
chamber above the one where the decay took place was 
included. 

Seventeen events fulfilled all the necessary require- 
ments for inclusion in the sample. The speeds of the 
primaries of these events, necessary for the calculation 
of the decay times and gate times, were estimated by 
assuming a unique P* value of 200 Mev/c for each 
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decay. For those cases for which the secondary mo- 
mentum was unmeasurable, the primary speed was 
calculated on the assumption of emission at 90° in the 
center-of-mass system with a P* value of 200 Mev/c. 
It has been shown that this P* of 200 Mev/c is con- 
sistent with both long-lived and short-lived negative 
events and, hence, can be expected to lead to reasonable 
estimates of the primary speeds even if the sample 
contains a mixture of both kinds of events. 

The usual maximum-likehood procedure" yielded the 
lifetime 

r= (1.3+0.6)10- sec, 

where the above error combines the statistical uncer- 
tainty with an estimated 50% error in the primary 
speeds. As mentioned earlier, this value is probably an 
upper limit to the true lifetime of the short-lived 
negative events. 


VI. CONCLUSIONS 


The following conclusions can be drawn from the 
present data: 

(1) Among the slow, long-lived particles there 
appears to be a considerable positive excess, implying 
either the existence of a positive particle without nega- 
tive counterpart, or a strong charge dependence of the 
production cross section. 

(2) The slow, long-lived particles are all consistent 
with a mass of about 1000m,. 

(3) The P* distribution of the positive K particles 
indicates the presence of at least one two-body decay 
with a value of P* consistent with that to be expected 
from the decay 

K* — ut +», 
with 
m(K*)~950-1000m,. 

There is in addition one good case inconsistent with 
the above decay scheme which may be interpreted in 
terms of the scheme 


x? —» u*+2 neutrals. 


(4) The P* distribution of the negative K particles, 
though lacking in statistics, suggests that these may all 
be consistent with the scheme: 


0 — x +72’. 


(5) There is evidence for a very short-lived (r~10~" 
sec) negative component which appears to decay into 
two secondaries with a value of P* equal to 201412 
Mev/c. 
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The branching ratio between the capture reactions x~+d—+2n+-° and x~+d—+2n+-y has been determined 


to be <0.1%. Comparison with the previously measured branching ratio between the corresponding proc- 
esses in hydrogen provides strong evidence for pseudoscalar x° parity. 


I. INTRODUCTION 


HE experimental results of Panofsky, Aamodt, 
and Hadley' have shown that the dominant 
reactions of x~ mesons stopped in deuterium are: 


x +d—2n, (1) 


x +d-—>2n+-7, (2) 


with 70% of the captures proceeding through reaction 
(1). The existence of this process, plus the known value 
of the meson spin of zero’ establishes that the negative 
pion is pseudoscalar. The rate for the charge-exchange 
capture reaction, 

+d (3) 


r »2n+ n°, 


compared to the rate of the corresponding reaction in 
hydrogen, can provide information on the parity of the 
neutral pion. If the x and x° have the same parity, 
angular momentum and parity conservation and the 
Pauli principle require that the two neutrons emitted 
in reaction (3) be in a *P state and the x° be ina P state 
relative to the center of mass of the two neutrons. 
Opposite parity for the negative and neutral mesons 
would permit a 'S two-neutron state. Since the total 
available kinetic energy is only ~1 Mev and the overlap 
of P and S states is small, the reaction is highly for- 
bidden if the x~ and r° have the same parity. However, 
from considerations of phase space alone the 2°/y 
branching ratio is expected to be only ~5% of that in 
hydrogen, the latter measured by Panofsky et al. to be 
0.94+-0.20. The Panofsky result for the branching ratio 
in deuterium, 
R(x +-d—+2n+ f°) 
0.026 + 0.073, 

R(x” +d—+2n+7) 
is not then of sufficient accuracy to decide whether a 
parity selection rule is required to explain the decreased 
charge-exchange absorption rate in deuterium. 

To determine more precisely the relative rate of this 
reaction, we have performed an experiment to detect 
the two y rays from the decay of the neutral mesons in 


* This research was supported by the Joint Program of the U.S 
Atomic Energy Commission and the Office of Naval Research 

t Now at Brookhaven National Laboratory, Upton, Long 
Island, New York 

' Panofsky, Aamodt, and Hadley, Phys. Rev. $1, 565 (1951 

* Durbin, Loar, and Steinberger, Phys. Rev. 83, 646 (1951); 
Clark, Roberts, and Wilson, Phys. Rev. 83, 649 (1951 


coincidence with incident negative mesons, some of ~ 
which come to rest in a liquid deuterium target. The 

results indicate that the process is highly forbidden and 

give evidence for pseudoscalar parity for the neutral 

meson. 

This result is of course implicit in any charge- 
independent theory of the meson-nucleon interaction. 
Since charge independence has now a large and con- 
vincing experimental basis, this conclusion about the 
relative parity of charged and neutral pions is therefore 
not new, but only serves to strengthen the already exist- 
ing evidence. 


Il, EXPERIMENTAL PROCEDURE 


The arrangement used to detect the r°-decay y rays 
is shown in Fig. 1. Negative mesons produced at an 
internal target of the Columbia University 380-Mev 
Cyclotron are collimated in a channel of the 8-ft iron 
shielding wall, further analyzed in momentum by a 
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Fic. 1. Experimental arrangement to detect y rays from decay 
of the x* produced in the reaction «~ +d-+2n-+-* and single y rays 
from radiative capture. 
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double-focusing magnet and the beam-defining counters 
No. 1 and No. 2. Counter No. 1 is a liquid scintillator 
44 inches in diameter and 3 inch thick ; counter No. 2 is 
a stilbene crystal 2} inches horizontally by 2} inches 
vertically by } inch thick. The incident beam is de- 
graded in energy in absorbers of 2 g/cm? carbon, 5 g/cm? 
LiH and 2.7 g/cm? polyethylene. The total absorber 
thickness is chosen to maximize the meson flux which 
stops in the deuterium. The liquid deuterium target 
cup is a vertical cylinder, of 0.004 inch thick stainless 
steel, 3.1 inches in diameter and 44 inches high, with 
32 inches vertically exposed by the thin wall of the 
vacuum chamber. Details of the target system have 
been given elsewhere.*: 

Counters 3, 4, 5, and 6 are plastic scintillators 44 
inches in diameter and } inch thick. The two telescopes 
3-4 and 5-6, each preceded by a converter of ~1 radia- 
tion length, are y-ray detectors with an efficiency of 
~30% for 70-Mev y rays. The four counters have a 
common axis passing through the center of the deu- 
terium cylinder, with counters No. 4 and No. 6 at 5} 
inches from the target cup center. The two counters of 
each telescope are separated by } inch thick polyethylene 
absorbers. The electronics is arranged to record coin- 
cidences between signals from 1-2, 3-4, and 5-6. These 
are then further mixed to yield coincidences 1234 and 
123456. The system is insensitive to low-energy charged 
particles. In particular, charged secondaries created by 
neutrons from the three capture reactions are of in- 
sufficient energy to traverse the polyethylene. 

The quadruple events 1234 are a measure of the single 
y rate, primarily from the radiative capture reaction. 
The sextuple events 123456 are a measure of the y-y 
coincidence rate, primarily due to the x° decays. All 
rates are measured with the deuterium target alter- 
nately full and empty to check the origin of the events, 
and with the }-inch lead converters replaced by }-inch 
aluminum pieces to check the identification as y rays. 


Ill. EXPERIMENTAL RESULTS 


Figure 2 shows the dependence of the quadruple rate 
1234 on the amount of absorber in the incident beam. 
The absorber thickness chosen for the remainder of the 
experiment is 9.7 g/cm? carbon equivalent. This maxi- 
mizes the number of pions which come to rest in the 
target. 

The results of the search for °-decay y rays are shown 

TABLE I. y-y coincidence and single y-ray rates, due to the proc- 
esses x +d-—+-2n+#°, and x +d-+2n+-. Rates are per 10° in- 
cident mesons as measured in 1-2 coincidence 


Con- 

verter Counts with D» Counts without Ds Net due to Ds 
1234 123456 1254 123456 1234 123456 

4 in. Pb 75944 048200 27123 0.1220.06 48825 0.3%20.11 


fin. Al 308 +3 0.07 40.05 


* Bodansky, Sachs, and Steinberger, Phys. Rev. 93, 1367 (1954). 
‘W. Chinowsky and J. Steinberger, Phys. Rev. 95, 1561 (1954) 
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in Table I. Rates with target filled and aluminum con- 
verter were approximately the same as the rates with 
lead converter and without deuterium in the target. 
We therefore take the net rate, (target full—target 
empty), with lead converter, as that due to y-ray pairs 
from deuterium. On the average, the incident beam 
intensity as measured in the 1-2 telescope was 210’ 
counts/hr. The sixfold coincidence rate was ~8 counts 
per hour with deuterium in the target and the empty- 
target rate approximately one-fourth this value. A 
total of 27 sixfold coincidences was recorded with the 
cup filled. This corresponds to a net rate of 0.36+0.11 
per 10° monitor counts. 

As a check on the identification of the events with x” 
decay y rays, the over-all coincidence rate was meas- 
ured with the two detecting telescopes subtending an 
angle of 140° at the target. With deuterium in the 
target, the rate decreased to 0.13+4-0.07 per 10° monitor 
counts. This indicates that the particles observed in 
coincidence have correlation angles near 180°. 


IV. CALCULATION OF THE BRANCHING RATIO 


The branching ratio between neutral meson and y-ray 
emission, 
x +d—2n+r 


x-+d—2n+y 
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is calculated from the expression 


to t, G, fen Gu . 
R- -— —Nn, 
CR, eyy? Gp fp Gp 


where 


CR,,, = 123456 coincidence counting rate, 
CR, = 1234 single y-ray counting rate, 
¢,=efficiency for detecting, in the 3-4 telescope, 
y rays from the reaction x~+d—>2n+-y7, 
¢,,= efficiency for detecting, in 3-4 and 5-6, the 
decay y-rays of the x” produced in the reaction 
x +d—2n+ fr’, 
Vu=fractional hydrogen impurity in the deuterium 
(a small hydrogen impurity contributes to the 
y-y rate via y rays from the decay of the 
neutral meson produced in the reaction 
x +p-n+rT), 
fe = fractional rate for the charge-exchange absorp- 
process in hydrogen, 
fy»= fractional rate for the radiative capture reaction 
in deuterium, 
G,= probability that single y rays lie within the solid 
angle defined by counter No. 4; G,=Q/44; 
Gp= geometrical factor giving the average probabil- 
ity that a x° created within the deuterium 
cylinder will decay with y rays emitted in 
such direction that traverses the 3-4 
telescope, the other the 5-6 telescope, 
Gy = geometrical factor for decay y rays of the neutral 


one 


mesons produced in hydrogen 


An accurate calculation of the y-ray detection effi- 
ciency is not practical because of the complications of 
multiple processes and scattering of the conversion 
electrons in the lead foil. Instead we use the results of 
Cocconi and Silverman,’ who measured the efficiency 
directly, using a similar geometry. They find the energy 
dependence can be presented by 


e=0.47[1 — 67 (#-28)/) 


with E the y-ray energy in Mev. The spectrum of y rays 
from the process +~+d-—+2n+y¥ is sharply peaked at 
129 Mev.* The spectrum of y-ray energies from the 
maximum-energy x” produced in the charge-exchange 
reaction is flat between the limits 60 Mev and 76 Mev. 
he expression above then gives, for average detection 
efficiency in each distribution, ¢,=0.44 and ¢,,=0.31. 
A mass spectrograph analysis of samples of deuterium 
removed from the deuterium gas holder immediately 
after the run gave the fractional hydrogen impurity 
Va = 0.00523.’ The fractional rates measured by Panof- 
sky ef al. are fe =0.49+0.13, fyo=0.2940.04. 
*G. Cocconi and A. Silverman, Phys. Rev. 88, 1236 (1952) 
*R. H. Phillips and K. M. Crowe, Phys. Rev. 96, 484 (1954) 
? We wish to thank Mr. Harvey Goodspeed and the members 
of the staff of the Argonne National Laboratory who kindly per- 
formed the deuterium analyses 
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The factors Gy and Gp are determined from the 
geometry of the detection system and the angular cor- 
relation of the x° decay rays. Since it is expected that 
the energy distribution of the neutral pions produced in 
the reaction x~+d-—>2n+,° will be peaked near the 
maximum, because of the correlation in direction of the 
two neutrons, we consider only the y-ray angular cor- 
relation for neutral pions with this energy, (velocity/c) 
= 8=0.11. Because of the symmetry of the experimental! 
geometry, we need consider only y rays emerging from 
that $ of the cup volume included between two per- 
pendicular planes through the axis of the deuterium 
cylinder and a plane perpendicular to these bisecting 
the axis. Further, let this volume be compressed to a 
single point, x=0.62 inch, y=0.94 inch, z=0.62 inch, 
where the y-axis is chosen along the cup axis and the 
origin of coordinates at the center of the cup. Let a 
pair of y rays with correlation angle between ¢ and 
o+d@ be emitted from this point, one intersecting 
counter No. 4 in dx’dy’. The other y ray will lie on the 
surface of a cone of half-angle r—¢; the intersection of 
this cone and the plane of counter No. 6 is approximated 
by the arc of a circle of length /(x’,y’,o). Let 


N(¢) sin¢dd = (1—8*)! sinddd, 
(1—cos@)'8[ (1—cosp)/(1—8?)—2]}! 


be the probabilities that the °-decay y rays have 
correlation angle between ¢ and ¢+dq¢. Then the 
quantities Gq and Gp are 


, dx'dy’ 2! U(x',y') 
Gu p= fv p(¢) singds [ f— erg ag a 
2xR” R' 2xR"'sind 


Here R’ is the distance from x, y, z to x’, y’, z’ on counter 
No. 4 and R” the distance from x, y, z to the point 
x’, y’, 2”, on counter No. 6 intersected by the projection 
of the line joining z, y, z and x’, y’, 2’. The integral over 
x’, y’ is replaced by a sum over finite regions in x’, y’ 
space, the arc lengths are summed on a map measure 
fixed to a compass and the @ integral is evaluated 
numerically, yielding Gy=0.024 and Gp=0.028. With 
these values we find the branching ratio 





x +d—2n+r° 
R=- —_——§= —().0034+0.0043. 
x +d—2n+y7 


Included in the error are the statistical uncertainties in 
the counting rates and the Panofsky fractional rates, 
and estimates of errors +15% in ¢, and ¢,,, +10% in 
Q and +25% in Gy and Gp. 


V. DISCUSSION AND INTERPRETATION 


The charge exchange absorption rate in deuterium is 
decreased relative to that in hydrogen because of the 
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decreased phase space available to the neutral meson. 
Only 1 Mev of kinetic energy of the reaction products is 
available. Consider then the reaction x~+d—2n+-#° in 
which the two neutrons are emitted in a ‘S-state and 
neglect any dependence of the matrix element on 
angle or r° momentum. The matrix element will be 
proportional to the n-n wave function evaluated for 
zero separation of the two neutrons. The transition rate 





dT,*p 


(2uE,*)*(To— E, 
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per unit x” energy can then be written* 
adT.*p dNis dP. 
—const XV ..7(0) X ——P*, *1—— 


dE,« dE, dE’ 


where @2.Vis/dE,* is the number of 'S states of the two- 
neutron system per unit #° energy. Assuming a square 
well interaction of depth U and range ro, the transition 
rate is 


u/p*)t— M (To— Exs/p*+U) 





——=(C,*puM! 
dE, 


M (To— Ex/u*)+MU cos{[{M(To—Eq*u/u*+U) o/c} 


where 7» is the available kinetic energy, M and yu the neutron and x° masses, respectively, and u* = 2My/(2M +p) 
the reduced mass. Similar consideration for the reaction x-+d—+2n+- yields 


dT yp 
=Cyp2M! 
dE, 


Here the available kinetic energy T, = 136 Mev. Taking 
U=13 Mev and ro= 2.6X 10—"* cm, corresponding to the 
values deduced from low-energy p-p scattering,’ and 
numerically integrating the two energy distributions, we 
find T,°%p/Typ=Cr"p/Cyp X0.004. The transition rates 
for x~ absorption in hydrogen, leading to #° or y-ray 
emission are 





(T,— E,(1+E,/4M) }E2M[T,— E,(1+E,/4M)+U] 
M[T,—E,(1+E,/4M)]+MU cos*{(M(Ty—Eq(1+E,/4M)+U) }ro/he} 








dP yy 
Tyn=Cyn2P*,n—, 
dE 


where P,*n, Py are the neutral meson and y-ray 
momenta, respectively. The constants will depend on 


the specific form of the interactions involved. In the 
ratio (74%/Typ)(Te/T yn) however, the constants 


IP,» ° . 
Tin CaP. a should approximately cancel. The branching ratio be- 
dE tween r° and y-ray emission from deuterium is then 
x +d—2n+r° dP yy dPy4) 0.004 
~ ~ ~0.004| Pa =| 2P s- — {I>——- = ().04, 
x +d—2n+y dE dE 0.1 


on the basis of phase space considerations only. 

The branching ratio calculated from such phase space 
considerations is strongly dependent on the x~— 2° mass 
difference. The error, +7°%, in the mass difference," 
leads to an uncertainty of +40% in the calculated rate 
for the reaction x~+d—>2n+9°, +5% in the rate for 
x +p—n+,r° and therefore +35% in the ratio in 
deuterium. Then, with an error + 20% in the measured 
value of the branching ratio in hydrogen, the total error 

*See discussion of the reaction p+p—2*+n+> in E. Fermi, 
Elertentary Particles (Yale University Press, New Haven, 1951) 

*J. D. Jackson and J. M. Blatt, Revs. Modern Phys. 22, 77 


(1950 
” W. Chinowsky and J. Steinberger, Phys. Rev. 93, 586 (1954) 


in the deuterium branching ratio, due to the above 
uncertainties, is +40%,. 

In the absence of any parity selection rule, the 
branching ratio between r° and y-ray emission would 
therefore be of the order of 5%. However, if the neutral 
pion is pseudoscalar, the two neutrons emitted in the 
charge exchange reaction are in P-states and the matrix 
element is greatly reduced. Meson theoretic calculations 
by Tamor" show that the rate for emission of a pseudo- 
scalar r° is reduced by a factor ~ 10 relative to the rate 
for scalar r°. The result obtained here, (x~+d—+2n+-2°)/ 
(x-+-d—2n+-7) 50.1%, then is strong evidence for the 
odd parity of the neutral pion. 


"S. Tamor, Phys. Rev. 82, 38 (1951) 
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Nonmesonic Decay of a Helium Hyperfragment 
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In an emulsion stack exposed in an equatorial balloon flight, we have observed an event which is most 
simply interpreted as the disintegration of a He hyperfragment according to the scheme He“*—>p+d+n 
+0, where 0= 167.64-2.9 Mev. The fragment, emerging from a star of type 11+7a, traveled 633 u before 
coming to rest. All the measurements, including those on the fragment track, are consistent with the fore- 
going decay scheme. Other interpretations are considered and shown to be untenable or very unlikely. From 
the Q-value and the relevant masses, the binding energy of the A® in the fragment is 1.94+.2.9 Mev, in agree- 
ment with values from mesonic disintegrations of He. This low binding energy may be compared to the = o 





much larger value, 20.6 Mev, with which the “last neutron” is bound in normal Het. 





INTRODUCTION 


URING the past two years evidence'* has been 

accumulating from the study of high-energy col- 
lisions, for the production and disintegration of “hyper- 
fragments’’—unstable nuclear fragments which contain 
a bound hyperon. The decay may be “mesonic,” in 
which case the pion daughter of the hyperon is emitted, 
or “nonmesonic,” in which case the pion’s rest energy 
is available for the kinetic energy of the fragment’s 
disintegration products? In a G.5 stripped emulsion 
stack exposed at 95 000 feet in a balloon flight near the 
geomagnetic equator we have observed an event which 
is most simply interpreted as the nonmesonic decay of 
a He“ hyperfragment.‘ 

Figure 1 shows a projection drawing of the event. 
The parent star, produced by an alpha particle, has 11 
“heavy” tracks and 7 thin shower tracks. An estimate 
of the energy of the primary gives a lower limit of 10 
to 20 Bev. The star seems to conform with Danysz’s 
observation that hyperfragments are typically gen- 
erated in central collisions of energetic particles with 
heavy nuclei. The emitted fragment F traveled 633 yu in 
the backward hemisphere, and its track has the char- 
acteristic appearance of a light nuclear fragment ar- 
rested by ionization. From the terminus of F, two 
charged particles (tracks A and B) were emitted with 
an included spatial angle of 160.70°+-0.24°. Particle A 
came to rest in the same plate with a range of 3050+31 u 
(the uncertainty is due to straggling). Track B is gray 
and leaves the stack after a path length exceeding 15 
mm in four emulsion layers. There is no indication at 
the end of F of any stubby track which could be due to 
a recoiling nucleus. 


*M. Danysz and J. Pniewski, Phil. Mag. 44, 348 (1953) ; Ciok, 
Danysz and Gierula, Nuovo cimento 11, 436 (1954). The latter 
paper summarizes several of the earliest observations, including 
those of other authors 

* A bibliography has been given by R. Gatto, Nuovo cimento 
1, 372 (1955) ; see especially p. 378 

*W. Cheston and H. Primakoff, Phys. Rev. 92, 1537 (1953) 

* The results were included in an invited talk by M. M. Shapiro 
at the Washington meeting of the American Physical Society, 
April 28, 1955 [Phys. Rev. 99, 620(T) (1955) ]. 

* Daniel, Davies, Mulvey, and Perkins, Phil. Mag. 43, 753 
(1952). 


METHODS AND RESULTS 


This event was found during a K-meson investi- 
gation® in which calibration curves were obtained for 
both scattering and ionization data from identified 
particles in the same stack. Mass determinations were 
made on tracks A and B utilizing these data. For track 
A, both ionization vs range and constant-sagitta scat- 
tering techniques were employed. As an index of ioni- 
zation, we used the ratio of blob length to gap length, 
a parameter which has been found to give satisfactory 
mass estimates even at short ranges.’ For the constant- 
sagitta scattering determination,® a Pos, cell scheme 
was applied. Both methods were calibrated with protons 
from the same emulsions, and the weighted mass de- 
duced for particle A is 3160+480m,. (The quoted error, 
like all other estimates of precision in this paper, is the 
standard error.) A delta-ray count’ on the track confirms 
that the particle is singly charged. Thus the simplest 
interpretation of track A is that it is due to a deuteron. 
From the estimated mass and its standard deviation 
one can test the hypothesis that the particle is a proton. 
On this hypothesis, the odds are of the order of 100 to 1 
against obtaining a mass value as large as or exceeding 
the one observed." In what follows, we shall assume that 
A is in fact a deuteron. Its energy at emission is 36.3 
+0.2 Mev using the range-energy relation for singly 
charged particles, 

E=0.2822m?2R0-668, (1) 


where E is expressed in Mev, m in units of the proton 
mass, and R in microns. The derivation of (1) is given 
in the Appendix, Sec. 1. 

Track B leaves the stack, and therefore the mean 


* Seeman, Shapiro, and Stiller, Phys. Rev. 98, 1202(A) (1955); 
Proceedings of the Fifth Rochester Conference on High Energy 
a January, 1955 (Interscience Publishers, Inc., New York, 
1955). 

7F. W. O’Dell and M. M. Shapiro, Phys. Rev. 99, 641(A) 
(1955). 

* Biswas, George, and Peters, Proc. Indian Acad. Sci. 38, 418 
(1953); Dilworth, Goldsack, and Hirschberg, Nuovo cimento 11, 
113 (1954); Holtebekk, Isachsen, and Sérensen, Phil. Mag. 44, 
1037 (1953). 

*S. O. C. Sérensen, Phil. Mag. 42, 188 (1951) 

” Nevertheless, we consider below the interpretations which 
are possible under the improbable assumption that particle A is 
a proton. 
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TaBLe I. Data for Q-value of decay scheme. 











He*+p+-d+n+Q. 
Emitted Momentum Energy 
particle in Mev/c in Mev 
? 477.9+6.0 114.7427 
d 370.8+1.0 36.340.2 
n 177.1445 16.6+0.8 
Q=167.6+2.9 








scattering angle & (constant cell method) vs ionization 
(grain density g) was used in the mass determination. 
Measurements on 9 mm of the track yielded 


&i00 = 0.1 14+0.01 7 deg/(100,)!, 
g=79.2+1.4 grains/100 p. 


This combination of values rules out the possibility that 
particle B has a charge Z>1. The mass obtained for 
this particle is 1980+315m, (see Sec. 2 of the Appendix), 
from which we identify particle B as a proton. Its 
energy at emission is evaluated from ionization measure- 
ments, and also from scattering measurements. The 
weighted value is 114.7+-2.7 Mev. 

Since particles A and B are singly charged, and 
neither is a meson, it follows that F, if a hyperfragment, 
is doubly charged. This assignment of charge is sup- 
ported by a count of 10 delta rays for the 633 micron 
range, using Sdérensen’s convention.’ The latter finds 
for Z=1, 2, and 3, respectively, average total delta-ray 
counts of 3, 12, and 30, in the last 700 microns of range. 

Despite the limited range (633) of track F, we have 
measured its mean deviation with the constant-sagitta 
method, and found that its mass is 7.1Z~°** proton 
masses, with an estimated uncertainty of 45% (see 
Sec. 3 of the Appendix). For the most probable 
charge Z=2, this gives 5.52.5 proton masses. For the 
improbable value Z=1, the computed mass is 7.1+3.3; 
for the even less probable Z=3, it is 4.8+2.2 proton 
masses. These results are not helpful in fixing the mass 
of F with any precision. (A far more precise mass value, 
based on the energetics of the decay process, is given 
below.) They do, however, confirm the unlikelihood 
that track F is that of a particle as light as a meson or 
hyperon, a conclusion already apparent from the delta- 
ray evidence that F is doubly charged. Hence there is 
no reason to attribute star F-AB to the capture of a 
negative meson or hyperon by an emulsion nucleus. 
Furthermore, the possibility that F is a negative pi 
meson—or even a pi-mesonic atom—can be excluded 
since either interpretation could account for an energy 
release of only 140 Mev. Instead, the energy of visible 
prongs A and B alone adds up to 151.0+2.7 Mev. 
Actually, the total energy release exceeds even this 
value, for A and B are not collinear, and thus conser- 
vation of momentum requires the emission of at least 
one neutral particle. 
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Fic. 1. Projection drawing of the star which includes hyper- 
fragment F. The lengths of the tracks associated with the sec- 
ondary star F-AB are: Rr =633 w; Ra = 3050 w; and lg>15 000 pw. 


INTERPRETATION 


Accordingly, the simplest interpretation of the sec- 
ondary star is that it was produced by the decay at rest 
of a helium hyperfragment into a deuteron, a proton, 
and one or more neutrons. The emission of a single 
neutron would imply the scheme 


(I) He*—+p+d+n+0, 


whereas the supposition of two or more neutrons would 
correspond to the decay of He® or still heavier helium 
hyperfragments. Since p and d alone do not conserve 
momentum," we can rule out the scheme 


(II) He*—+p+d+Q. 


In analyzing scheme (I) and its possible alternatives, 
we compute in each case the energy release Q of the 
disintegration, and the binding energy By, of a neutral 
hyperon in the hyperfragment. The latter may be 
written 

Bys= my+ ma*— mp* 
= M+ My— >; m:+Q) 
=Omax—V, (2) 


where F*=zF4* is the hyperfragment in question, 
whose unexcited counterpart is zF4; f= zF4~'; m, are 
the masses of the disintegration products of F*, and 


Omax my+ myr— >; m, (3) 


is the calculated” value of the energy release whihc 
corresponds to zero binding energy of the A°. 

Let us now consider scheme (I). To determine the Q 
value, we calculate the “missing momentum” attributed 
to the neutron, and thence its energy. Table I gives the 
momenta and energies of the emitted particles and the 


"It can be seen from Fig. 1 that, in the unlikely event that F 
decayed just before coming to rest, the momentum imbalance 
would be even greater than that computed on the assumption of 
its disintegration from rest. 

The mass defects used here and throughout this are 
those of J. E. Drummond, Phys. Rev. 97, 1004 (1955), and F.. 
Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 (1955). 
For the mass of the A® we used 2181+ 1m,, which is based on a Q 
value of 36.940.2 Mev and a pion rest mass of 273.04+0.5m,. 
The corresponding mass defect of the A° is 183.4404 Mev. 
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total energy release Q, which amounts to 167.642.9 
Mev. On the assumption of zero binding for the A°, we 
would have 
Umax = Mie? + Ma'— (Mat Met M,) 
= 169.5+0.4 Mev. 
It follows from (2) that 
By = (169.54-0.4) — (167.6+2.9) Mev 
= 1.9+2.9 Mev. 
This value may be compared with the much larger 


binding energy, 20.6 Mev, of the “last neutron” in 
ordinary Het. 
Alternative Schemes 

Scheme (1), involving the emission of a single neutron, 
is the simplest decay scheme which fits all of our ob- 
servations. We consider next the following alternative 
schemes in which two or three neutrons are emitted 
along with the deuteron and proton: 


(111) 
(IV) 


He*—+d+ p+ 2n+0, 
He*—+d+ p+3n+Q. 


These schemes may be subjected to the following test: 
is the postulated hyperfragment “stable,” i.e., does it 
persist long enough (210~" sec) to account for the 
observed range? In order to apply this test, we adopt 
the hypothesis that for neutral hyperons, as for neu 
trons, binding 1.¢., 
prompt (~10~™ sec) disintegration of the hyperfrag- 
ment. Thus the test reduces to the question, is By: 
positive? 

Under scheme (III) or (IV), the directions of emission 
and individual energies of the neutrons are indeter- 
minate ; they are subject only to the condition that their 
total momentum is 177.1+4.5 Mev/c. However, to 
apply the foregoing stability test, one may postulate 
those conditions of neutron emission which maximize 
By. If, despite this selection which favors stability, 
By is found to be negative, then the hyperfragment in 
question may be considered unstable. 

Since Bye=Qmex—QV, we adopt conditions which 
minimize Q: we select a common direction for the 
neutrons, i.e., the direction of the residual momentum 
vector, and divide the momentum equally among them 
The first two rows of Table II give the results for 
schemes (IIT) and (IV). It is seen that By* is negative 
in both cases. Thus, of the schemes (1), (III), and (IV), 
which satisfy conservation of momentum, only the 
simplest, scheme (1), also satisfies the condition Bys>0 

Schemes (I) to (IV) are based on the identification, 


negative implies ‘“‘instability,” 


% This use of positive binding of the A’ as a criterion of stability, 
appears to be a reasonable working hypothesis. if the existence 
were established of some presently unknown (non-Coulombic) 
quantum mechanical barrier which could prevent the prompt 
separation of the A° from the residual nuclear fragment, this would 
invalidate the criterion. We are indebted to Dr. M. Block for a 
stimulating discussion of this question 
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well supported by evidence, of particle A as a deuteron. 
Although the chance is remote of particle A’s being a 
proton, we have nevertheless examined the decay 
schemes (V) to (VIII) (see Table II) which depend on 
this possibility. If particle A were a proton, its energy 
(see Eq. (1)) would be 26.9 Mev and its momentum, 
226.2 Mev/c. Combining this with the momentum 
477.9 Mev/c of the fast proton, we deduce the Q-values 
given in the lower portion of Table II. Also listed are 
the values of Qmax computed according to Eq. (3), and 
of Bye (Eq. (2)). In order to calculate unique values of 
O and By* for schemes (VI) to (VIUI), the same “favor- 
able” conditions were assumed for the emission of the 
two or three neutrons ‘as was done for schemes (III) 
and (IV). Even under this assumption, which maxi- 
mizes By», the latter is negative in all cases but that of 
scheme (VI). Therefore, of all the schemes in Table II, 
only (VI) is tenable according to our stability test. 


Nature of the Hyperfragment 


In scheme (VI), as in (I), the hyperfragment is He®, 
hence it is difficult to escape the conclusion that track 
F is due to He*. As to the mode of decay of the hyper- 
fragment, scheme (I) accounts far more satisfactorily 
for the observed secondary star F—A B than does scheme 
(VI). In the first place, the latter depends on the im- 
probable hypothesis that particle A is a proton. Sec- 
ondly, it depends on very special assumptions as to the 
direction of emission of the neutrons, and the partition 
of energy among them. On the other hand, scheme (I) 
involves no improbable assumptions, and is strongly 
supported by the measurements. 

If we use the value Bys=1.9+2.9 Mev, the rest mass 
of the He nucleus is 3921.042.9 Mev, and its mass 
defect, 196.4+2.9 Mev. From its mass and range, the 
kinetic energy of the He hyperfragment at emission 
is computed to be 44.9 Mev, and its time of flight,” 
2.0X10-" sec. Thus, as in previous observations, this 
lower limit to the life span of the He** fragment is less 
than the mean life, (3.7+0.6) X 10~" sec, of the free A°. 


DISCUSSION 


Insofar as we are aware, a value of the binding energy 
of the A° in He** based on the nonmesonic decay of the 


Tasie II. Alternative decay schemes of the 
helium hyperfragment 


Omar 


Decay 
ne Mev) 


He**—+d + p+2n 
He**-—+d + p+3n 
He**~+2p+n 
He**—+29+2n 
He*-—+26+3n 
He**-—+29+4n 


Bae 
(Mev) 


Q 
Mev) 
159.4 
156.7 
181.0 
161.6 
155.1 
151.6 


149.0 
149.9 
175.0 
167.3 
146.7 


—10.4 
—6.8 
—6.0 
+5.7 
—84 
—3.9 


~~ eos & A 





“ Fay, Gottstein, and Hain, Nuovo cimento, 11, Suppl. No. 2, 
234 (1954) 
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hyperfragment has not heretofore been published. Our 
result Bye=1.9+2.9 Mev may, however, be compared 
with values previously found for the mesonic decay of 
He* into He’, a proton, and a negative pion. Hill et al." 
found Bys=4 Mev, Naugle ef al.,'® 3.141.4 Mev, and 
Baldo et al.,!”7 2.5 Mev.'* Our value of By» thus agrees 
with those deduced from mesonic disintegration. Be- 
cause this value is based on a distinctly different type 
of decay, it provides independent confirmation for the 
strikingly weak binding of the A°® in He. As pointed 
out by Naugle ef al.,* exactly the opposite result 
(Bs*> Bueutron) would be expected if the interaction 
between A° and nucleon were about as strong as that 
between two nucleons. 

Dalitz” has pointed out that the study of binding 
energies of light hyperfragments may provide a test of 
Gell-Mann’s” description of the A°® hyperon as an 
isotopic-spin singlet. He predicts that H® should exist 
with about the same By: as for He. Independently, the 
Bristol group* has observed an event attributed to the 
process 

H*—Het+2~-+55 Mev. 


The value they deduce for Bye is 1.2+0.8 Mev. This 
agrees, within experimental error, with the value for 
He, and is therefore consistent with Dalitz’s pre- 
diction. The growing literature on hyperfragments™ 
may be expected to shed further light on the properties 
of hyperons in nuclear matter. 

In conclusion, the authors take pleasure in thanking 
Mr. F. W. O'Dell and Miss Kathryn De Angelis for 
their valuable assistance. 


APPENDIX 
1. The Range-Energy Relation 


For deducing energies from ranges in emulsions we 
have relied upon the range-energy relation of Vigneron™ 


6 Hill, Salant, Widgoff, Osborne, Pevsner, Ritson, Crussard, 
and Walker, Phys. Rev. 94, 797(A) (1954). 

16 Naugle, Ney, Freier, and Cheston, Phys. Rev. 96, 1383 (1954). 

17 Baldo, Belliboni, Ceccarelli, Grilli, Sechi, Vitale, and Zorn, 
[ Padua, private communication (1954) ]. 

18 Other observations attributable to the decay of helium hyper- 
fragments have been published by G. Crussard and D. Morellet, 
Compt. rend. 236, 64 (1953), and by A. Solheim and S. O. Séren- 
sen, Phil. Mag. 45, 1284 (1954). It may be mentioned that none 
of the He* tracks previously reported exceeds 260 u in length. The 
greater length, 633 u, of our He® track, made it possible to check 
our conclusions against measurements on the fragment track 
itself. 

* R. H. Dalitz, Phys. Rev. 99, 1475 (1955). 

*®M. Gell-Mann, Phys. Rev. 92, 833 (1953); A. Pais, Pro- 
ceedings of the Fifth Rochester Conference on High Energy 
Physics (Interscience Publishers, Inc., New York, 1955). 

* G-Stack, Collaboration Experiment, 1954 (unpublished). 

* Recent papers not listed in reference 2 are: F. A. Brisbout and 
V. D. Hopper, Australian J. Phys. 7, 352 (1954); Debenedetti, 
Garelli, Talone, end Vigone, Nuovo cimento 12, 466 (1954); Fry, 
Schneps, and Swami (to be published) ; C. F. Powell, Nature 173, 
469 (1954); H. Primakoff and W. Cheston, Phys. Rev. 93, 908 
(1954) ; B. Waldeskog, Arkiv Fysik 8, 369 (1954) ; and H. Yagoda, 
Phys. Rev. 98, 153 (1955). 
™ L. Vigneron, J. phys. radium 14, 145 (1953). 
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for protons, 
E=0.2806R°**, (4) 


which applies to Ilford C.2 emulsion. Z is in Mev, and 
R is in microns. Essentially the same relation was 
arrived at independently by Fay, Gottstein, and Hahn,“ 
and was adopted for the range of energies relevant to 
the present paper by the Rome group™ in their critical 
evaluation of the various range-energy results for 
emulsion. Rotblat** has pointed out that Ilford G.5 
emulsion has a stopping power 1% greater than C.2. 
Therefore, in order that the range-energy law be appli- 
cable to ranges in G.5 emulsion such as those measured 
in our experiment, Eq. (4) must be modified to 


E=0.2822R°**, (5) 


Moreover, as is well known from the theory of energy 
loss by ionization, if = f(R) for singly charged particles 
of unit mass, then for particles having the same charge 
and a mass m, E/m=f(R/m). Hence, we may rewrite 
Eq. (5) as follows: 


E=0.2822m°  R°-568, 


This appears in the text above as Eq. (1). Here m is 
the mass in units of the proton mass. 

Equation (4) applies to C.2 emulsion at a relative 
humidity (R.H.) of 50%, and hence so do Eqs. (5) and 
(1), for G.5 emulsion. Vigneron himself was unsure of 
the R.H. to which his range-energy relation applies (see 
reference 23, p. 152) because of the following circum- 
stance: the Ilford brochure of August, 1948, which was 
his source for the chemical composition of C.2 emulsion 
employed in his calculations, did not specify the rele- 
vant R.H. conditions. However, a later Ilford publi- 
cation®* giving the same composition quoted by 
Vigneron does state that it refers to an R.H. of 50% at 
normal room temperature. For our emulsions no 
humidity correction was required. 

Even when the known corrections are applied, there 
remains an uncertainty in the best range-energy curves 
of 1 or 2% in proton energies of the order of 100 
Mev.™ Therefore, apart from the statistica] errors which 
we quote above, the Q-values and binding-energies given 
in this paper are subject to a possible shift of 1 or 2 
Mev in the light of more precise range-energy data when 
they become available. 


2. Mass and Energy of Particle B; the y vs g 
Relation 


The major contribution to the error in Q and By: is 
due to the uncertainty in the kinetic energy EZ, of 
particle B, which left the stack after more than 1 cm 
of path length. It is therefore especially important to 


™ Baroni, Castagnoli, Cortini, Franzinetti, and Manfredini, 
Document BS 9 issued by C.E.R.N., July, 1954 (unpublished). 

bad I Rotblat, Nature 167, 550 (1951). 

*Tiford Research Laboratory, “Photographic Emulsions for 
Nuclear Research,” August 1, 1949. 
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make the error in Eg as small as possible. This was 
accomplished by deducing the velocity from a cali- 
bration based upon grain density 9 vs residual range R, 
rather than from g vs &, the mean deviation due to 
multiple coulomb scattering. In the same stack, 48 long 
tracks of protons, pions, and muons arrested by ioni- 
zation had been grain counted as a function of range. 
[ For blobs, the convention was employed that the grain 
count= (blob length)/(mean grain diameter)]. An 
empirical curve was thus obtained which conforms, at 
least for 95150 grains/100 yu, to the power law 


R=1.184X 10°mg?*7, (6) 


where R is measured in microns, m in proton masses, 
and g in grains/100 yu. Combining Eq. (6) with the 
range-energy law [Eq. (1) ], we get the kinetic energy 
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g is thus empirically related to y through the range, 
higher precision is attainable in energy and mass 
evaluation than when @ is related to y through the mean 
deviation &. 

Since 9 for particle B was of course measured over a 
finite range interval, the energy deduced from Eq. (8) 
was range corrected back to the point of emission. 


3. Direct Estimation of Fragment Mass from 
Multiple Scattering 


In applying the constant-sagitta method of multiple 
Coulomb scattering to the estimation of the hyper- 
fragment mass, we use the relation 


mp= (D,/Dr)?*Z*, (9) 


where mp is the fragment mass in units of the proton 
mass; py and D, are the mean noise-corrected sagittae 
(second differences) for the fragment and for a group 
of calibration protons, respectively, obtained using the 
same cell scheme; and Z is the fragment’s charge. The 
exponent 2.31 differs from that in some of the literature, 
and is based on recent range-energy relations..*.* We 
find that D,/Dp=2.34+ (20%). Hence mp=7.1Z-°** 
+ (45%), the relation given in the text. 





E=4.020X 10'mg-'*** (Mev), (7) 
and converting to the kinetic energy (y—1) in rest- 
mass units, we obtain 

y—1=42.89 1.356 (2) 
where y is the total energy in rest-mass units. (Neither 
Zpiateau NOT 2min iS required in this calibration.) When 
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The decay in flight of a heavy nuclear fragment is described. The event is most reasonably interpreted as 
the decay of a A® particle bound to a He? nucleus, and is similar to examples previously observed in nuclear 
emulsions. The lifetime of the excited fragment in this single example is 5.4+0.6X 10~™ sec, and the binding 


energy of the A® to He’ is probably less than 2 Mev 


N the 48-inch magnet cloud chambers operating in 
Pasadena, the event shown in Fig. 1 has been 
observed. This photograph contains what appears to be 
an ordinary A° decay into a proton (track B) and 
x~ meson (track C). The momenta, estimated ioniza- 


Taste I. Basic data on tracks of Fig. 1 





lonization 








Momentum times Mass 
Track Charge Mev /« minimum ™, 
A a aie 15—30 a 
B + 2908+-31 5—10 18504350 
Cc - 145.546 <2 <370 
D + See Table III 15—30 “ 


* Assisted by the joint program of the Office of Naval Research 
and U. S. Atomic Energy Commission. Reproduction in whole or 
in part is permitted for any purpose of the United States 
Government. 


tions, and derived masses of the labelled tracks are 
shown in Table I. The ionization and momentum of 
track B determine that it is probably due to a proton 
(mass= 1850+ 350 m,.), while track C could not be due 
to a particle as heavy as known K mesons. It is, however, 
consistent with either a x meson, u meson, or electron. 

If we assume that C is the track of a x meson, B and 
C together have the usual characteristics of A°® decay. 


Taste II. Rectangular components of unit vectors. 











Particle 
identification 


Designation of Unit vectors of — 
tangents in Fig. 2 tangents at decay point* 





Fragment before decay 


OA (or OYA") (0.000 40.01 2)i + (1.000)j 
+ (0.000 +-0.024)k 
Proton AB --0.3330i —0.9238} —0.1889k 
r-Meson AC +0.4808i —0.8726) +0.0867k 
Fragment after decay AD +0.021 21 —0.9986} +0.0486k 








* The errors in measurement of the direction cosines of AB, AC, and AD 
are negligible in the analysis of this event. 











A*°-FRAGMENT DECAY 


The measured Q value is 36.6+2.9 Mev, in good 
agreement with the known value of 37.0+0.5 Mev. 

However, there are several unusual characteristics 
of this event which raise doubt that it is in fact an 
ordinary A° decay. 

1. The only penetrating shower origin associated with 
this event is 5 mm above the top inside wall of the 
cloud chamber. Even though all tracks of more than 
300-Mev/c momentum pass through this origin, it 
does not lie in the A° decay plane. The angle of non- 
coplanarity is 4.1+2.0°. 

2. The line of flight of the A°® determined from the 
momentum of the decay products misses this origin 
by 7+2 mm. 


ad 
8 / o| o\ 


Fic. 1. A cloud-chamber photograph of a delayed fragment 
decay. A heavy fragment (A) is ejected from a well-defined shower 
origin 5 mm above the sensitive region of the chamber. The 
fragment subsequently decays into a proton (B), a light particle 
consistent with a x~ meson (C), and another secondary fragment 
(D). The event is consistent with the in flight decay of an excited 
He* nucleus containing a A® particle. An unrelated ¢— p+yr 
decay appears slightly to the left of track (D) 


3. The vertex of the assumed A° lies on the path of a 
heavy fragment (track A) ejected from the penetrating 
shower origin, within 0.1 mm laterally and 0.4 mm in 
depth. 

4. There is a 3.0°+1.2° kink in the fragment track 
where it meets the vertex of the assumed A°, whereas 
none of the shower tracks in the photograph shows 
detectable distortion. 

2. The direction and magnitude of this kink are such 
that transverse momentum balance is possible if we 
assume that the fragment A undergoes a decay into 
B, C, and D. Table II gives the rectangular components 
of unit vectors oriented along the tangents to the tracks 
A, B, C, and D at their intersection, with respect to 
axes X’, Y’, Z’ such that track A is traveling in the 


IN A CLOUD CHAMBER 











Fic. 2. An isometric view of the event shown in Fig. 1. The 
penetrating shower has a neutral primary for there is no track 
visible in the chamber above the one shown. The lines of this 
figure are all tangents to the pertinent tracks at the decay point 
(A) of the excited fragment. Thus O'A, the tangent to the primary 
fragment, does not pass exactly through O, the origin of the 
penetrating shower. AA’ is a straight line extension of O’A 
Orthogonal projections of the event are drawn on the back 
piston and a side wall, 


negative Y’ direction. Figures 2, 3, and 4 show an 
isometric view of the four tracks; the intersection points 
of the tangents to tracks B, C, and D with a plane 
perpendicular to track A ; and a transverse momentum 
diagram, respectively. Transverse momentum balance 
is excellent for a doubly charged fragment, but it is 
barely within experimental error for a singly charged 
one (Fig. 4). 


SECONDARY 
FRAGMENT PRIMARY 


n~ MESON ‘x FRAGMENT 
x'- 


CENTER OF MASS 


PROTON 
OF PROTON AND - . 


o gs ° . 
tj MESON ~ 10 CIRCLE 


Fic. 3. The intersections of the lines of flight of the tracks of 
Fig. 2 with a plane transverse to the line of flight of the primary 
fragment. This figure shows that the sum of the transverse 
momenta of the proton and #~ meson is opposite in direction to 
the transverse momentum of the secondary fragment, within 
experimental error. The ellipse around the origin of the diagram 
represents the error in measurement of the tangent to the primary 
fragment at the point of decay. The errors in measurement of the 
directions of the secondary fragment, proton, and # meson are 
negligible compared to that of the primary fragment, The large 
circle on the diagram represents the Coes of intersections made by 
lines which pass through Point A, Fig. 2, and make an angle of 
10° to the Y’ axis, 
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1486 AND LEIGHTON 
_ TasLe III. The required ionization corresponding to various 
OOUBLY 2 MEV assumptions for the secondary fragment (track D, Fig. 1). The 
CHARGED . A — ionization of the secondary fragment is estimated to be between 
FRAGMENT A} 15 and 30 times minimum. 
SINGLY A Tes - 
CHARGEO-7 dg Interpretation 
FRAGMENT ‘ Assumed Corresponding Required based on 
as 2 an 4 Poe | oe secondary momentum ionization ionization 
. fragment Mev/c times minimum estimate 
VECTOR SUM : 
FOR PROTON H' 445+62 34-48 Excluded 
P. AND ff MESON H? 445+69 9.2—15 Unlikely 
er, H? 445+81 17 —28 Possible 
<AD\0 He? 890+131 21 —41 Possible 
4 Het 890+ 138 37 —62 Unlikely 
Lif 13354207 56 —93 Excluded 
Fic. 4. Transverse momenta of the secondaries of the AC = = 


fragment decay. One region of error is drawn for the vector sum 
of the transverse momenta of the proton and x meson. Two other 
regions of error are drawn for the secondary fragment, one for a 
doubly charged fragment and another for a singly charged frag 
ment. Transverse momentum balance is excellent for the doubly 
charged fragment 


The above characteristics strongly suggest that this 
event is an example of the decay of a A° particle bound 
to a nuclear fragment, and therefore a detailed analysis 
based upon this assumption has been carried out. 

By comparison with the ionization of protons of 
known momenta, the ionization of the fragment below 
the kink is estimated to be within the range 15 to 30 
times minimum. In Table III, the measured momenta, 
with errors including that due to multiple scattering, 
and required ionizations are listed opposite the various 
possible secondary fragment identities. We see that the 
secondary fragment is probably either H’ or He’, but 
that there is a small possibility that it is H® or Het. 

Therefore, if this event is an example of a A°-fragment 
decay, it must be one of the following: 


(a) H®* «+ (A°+H*) — H*+ +9 +(,, 


b) H*®* «+ (A°+H*) — H®+ p+2°+0s4, 
c) He* + (A°+ He’) — He*’+ p+27°+0,, 
d) He** «+ (A°+ He) — He‘+ p+2°>+0,4 


The Q-values computed for these cases are (Q, 
= 42.8, 5t** Mev, Os= 53.4.6 2** * Mev, Oc= 38.9_; gt? 
Mev, Qy= 44.0_447°" Mev 
are regarded as the decay products of a particle residing 
in the fragment, we may derive the binding energy of 
the A° within the fragment by subtracting the above 
Q-values from the 37.0-Mev Q-value of A° decay. We 
thus obtain the A® binding energies (g) for the four 
cases: ga 5.9_43°°* Mev, ge 16.4.64**? Mev, 
qe* —-19 377° 4 Mev, ga= —7.0 5 77** Mev 

Only in case (c) could the A° have a positive binding 
energy within the stated errors of measurement. 

If we assume that neutrons are among the secondaries, 
the A° binding energy will, of course, be even smaller. 
Since momentum balance is possible without assuming 
neutral secondaries, we conclude that the decay is 
probably of type (c), and the binding energy of the 
A® to He’ is probably less than 2 Mev. 


If the proton and # meson 





Many examples of bound A° decay have been found 
in nuclear emulsions.'~'* The fragments involved have 
charges from 1 to 9, and they may decay with or 
without the emission of a x meson. In two events,’:"! 
neither a * meson nor an unattached nucleon was 
emitted. However, in all but two unusual cases,™!® 
the excited particle could be a A°. 

Hill® and associates at Brookhaven observed (c) in 
nuclear emulsions. They found a A° binding energy 
g- of ~3 Mev. Naugle et al.," also probably observed 
(c) and obtained g,=2.8+1.4 Mev/c using 37.0+0.5 
Mev for the Q-value of A° decay. 

The long lifetime of these events is thought to be 
due to the slow decay of a single particle, usually a 
A°, which contains all of the excitation energy of the 
fragment. Previously it has been possible to set only 
a lower limit to the lifetime. If our interpretation is 
correct, the lifetime of the excited He* was (5.4+0.6) 
X 10-" sec in this single example. 

An interesting characteristic of the present event is 
the high fragment momentum, which is 1600+300 
Mev/c when extrapolated back to the origin of the 
penetrating shower. In nuclear emulsion events, the 
excited fragments observed have had ranges that 
correspond to much smaller momenta. 
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Note on the Decay and Absorption of the 6°} 
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AND 


O. Prccront, Brookhaven National Laboratory, Upton, New York 
(Received July 5, 1955) 


A suggestion is made on how to verify experimentally a recent theoretical suggestion that the ® meson 


is a “particle mixture.” 





T is the purpose of this note to indicate a further 
consequence of a recent theoretical suggestion! 
concerning the properties of the #. The point to be 
made here is of some interest in that it leads to possible 
experimental tests of the ideas outlined in I. 
A reaction in which the & is produced is? 


+p M+. (1) 


Its decay properties have been discussed in I starting 
from two assumptions: 

(a) The @ is distinct from its antiparticle ®. This 
property of the # reconciles the occurrence of the reac- 
tion (1) with the apparent nonoccurrence’ of n+n— 
A°+<A°, (n=neutron). Certain models which have been 
proposed for the classification of some of the properties 
of the new particles embody this distinction between 
the # and the #. 

(b) The rigorous validity of charge conjugation 
invariance. 

Let us call 6,° the particle that decays according to 


6,° — x*+2-+215 Mev, (2) 


with a mean life r;>~1.5X 10~" sec. On the basis of the 
assumptions (a) and (b) it was argued in I that the # 
as produced for example in reaction (1) cannot be 
identical with the @,° decaying according to (2). It was 


t Work carried out under contract with the U 
Commission. 

* On leave from the Institute for Advanced Study, Princeton, 
New Jersey. 

1M. Gell-Mann and A. Pais, 
henceforward referred to as I. 
* Fowler, Shutt, Thorndike, Whittemore, Phys. Rev. 91, 1287 


. S. Atomic Energy 


Phys. Rev. 97, 1387 (1955); 


(1953); Phys. Rev. 93, 861 (1954). 

* Experimental results with the Brookhaven Cosmotron show 
that the cross section for A® production is ~1 mb/nucleon when 
the available energy is definitely above the threshold for pro- 
duction of A°+@ such as for the 1.47-Bev x~ beam, or 2.7-Bev 
proton beam. On the other hand, at energies less than the threshold 
for A®°+@, but definitely larger than the threshold for A®+A* 
(neutrons of energy somewhat larger than 1 Bev), the cross 
section for A° production seems to be much smaller than 0.1 
mb/nucleon. This is taken as an indication (not as a proof) that 
the reaction »+mn-—~A®+-A° is probably forbidden. See papers by 
R. Shutt and by G. Collins, Proceedings of the Fifth Annual 
Rochester Conference on High-Energy Physics (Interscience 
Publishers, Inc., New York, 1955). We thank Dr. R. Shutt, Dr. A. 
Thorndike, Dr. W. Whittemore, Dr. E. Fowler, and Dr. H. 
Kraybill for a very helpful discussion on this subject. 

‘For a recent survey of these models and their inter-relations 
see A. Pais, Proceedings of the Fifth Annual Rochester Con- 
ference on High-Energy Physics (Interscience Publishers, Inc., 
New York, 1955). 


shown that one rather has to consider the @ as a 
“particle mixture” of @;° and a hypothetical second 
neutral particle @,°. The main distinctive feature of @,° 
and 6,° is that the set of decay channels that are allowed 
for the @,° are forbidden for the 6,°. Thus the lifetime rz 
of the 6," should be different from r,. It is impossible at 
the present theoretical stage to predict the lifetime of the 
assumed 6@,". However it has been suggested tentatively 
in I that the 6,° should live considerably longer than 
the 6,°. 

The distinct lifetimes of the 6,° and the 6,’ must be 
due to distinct decay interactions for these particles. 
Therefore the respective masses M,, M; of these two 
particles are not strictly equal. But as the decay inter- 
actions are very weak, the mass difference M=M,—M, 
will be correspondingly small. Its order of magnitude 
will presumably be given by @AMr,/hm1, i.e., CAM 
~10~ ev. It is nevertheless not inconceivable that such 
a tiny mass shift could give rise to effects observable 
in practice [see the discussion of Eqs. (10) and (11) 
below }. It may be recalled from I that the spin and 
parity of the 6,° should be the same as for the 8,°. 

More precisely, this notion of particle mixture 
means the following: At production the wave function 
(®) describing a given @ state is a well-defined super- 
position of two wave functions (6;°) and (6,°) describing 
respectively the two particles 6,° and 6,° in the same 
state. (A given state can for example refer to a pre- 
scribed momentum and, if the spin of the @ is unequal 
to zero, to a given spin direction.) The superposition 
is in fact® 


() = ((0,°) 102") /V2. (3) 


As can be seen from I, the plus or minus sign holds 
true according to whether the parity of the @ is even 
or odd.* The subsequent argument does not depend on 
the parity of the ® and for the sake of definiteness we 
shall carry the plus sign from now on. Quite similarly 
the # is a particle mixture, but with a relative phase 


* This implies that we ignore the influence of the weak decay 
interactions on the production of the #. 

* As was pointed out in I, the relative phase of (6°) and @/) 
is determined from the requirernent of charge conjugation in- 
variance. To avoid confusion we note that the language of the 
present note differs on one t from that of I: here we define 0, 
as the particle for which the decay process (2) is allowed. In I 
the 6;° was defined as the peor Fs with charge conjugation 
quantum number +1. 
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Fic. 1. Schematic diagram showing the regeneration of 0,° events 
in a multiplate cloud chamber. The symbol ---< indicates the 
decay : 0;°-+2*+2~. 


different from that of the # mixture: 
(P) = ({6,°)— i(02°))/v2. (4) 


® will thus exhibit the same decay modes and mean 
lives that # does. However, the strong interactions’ of 
these two particle mixtures with nuclear matter are 
quite distinct: It is at once evident from the fact that 
reaction (1) has a sizeable cross section (~1 mb at 1.5 
Bev x energy) that the processes 


P+ p—>A+x*, (5) 
and 
P+n— A°+-7° (6) 


must be quite probable too. The isotopic spin value 
attributed’ to #: I=}, J;=4, actually suggests that 
process (5) is twice as probable as process (6). Reac- 
tions similar to (5) and (6) should also occur with the 
production of =*-°~ instead of A®. Another mode of 
strong interaction of the ® with nucleons is charge- 
exchange scattering of the type 


Pin— pio. (7) 


On the other hand, if the suggested selection rules for 
strong interactions’ are correct, the # cannot be ab- 
sorbed by processes of the type (5), and (6). Exchange 
scatterings like 

P+p— n+ (8) 


are allowed, however. Thus the # should have an ab- 
sorption cross section of the order of nuclear size, while 
the @ should disappear with a much smaller cross 
section. 

It is conceivable that some of the anomalous cases 
of @ decays reported in the literature* represent 6,° 
decays and a careful investigation of more such cases 
might furnish information about the existence and 
decay modes of this so far hypothetical particle. The 


’ For a discussion of some features of the K-particlenucleon 
interactions see A. Pais and R. Serber, Phys. Rev. $9, 1551 (1955). 
* See, e.g., R. W. Thompson in Progress in Cosmic Ray Pirysics 
(Interscience Publishers, Inc.. New York, 1954), Vol. 3, Table 9. 


number of anomalous & decays observed in an experi- 
mental arrangement suited for the observation of 6,° 
should be relatively more important the more nearly 13 
would be equal to 7;. If however, as has been surmised 
in I, r2 is considerably larger than 7,, a direct observa- 
tion of 6,° decay would be less practical. This situation 
would, on the other hand, provide the best conditions 
for the experiment that we are going to propose. In 
this experiment it is not required to observe a novel 
mode of decay. 

Suppose that a cloud chamber contains two plates A 
and B, shown in their cross section in Fig. 1. The thin 
plate A is bombarded by high-energy nucleons, or, 
perhaps better, by fast negative pions. Then @’s will 
be produced and some of them will be observed, at 
about 90° to the beam, by their decay into two charged 
pions. The population of @,° decays will decrease with a 
composite mean free path (the energy of the particles 
will not be unique) of the order of a few centimeters. 
As time elapses, the wave function thus changes its 
composition because of the different lifetimes of the 6,° 
and the 6,°. For such later times the wave function can 
be written as 


{ (0;°)e-* 2rit+ tout i(02°)e~ t/2re+ twat | v2 
= {L(+ @) Jeet 4 [()— @)] 
Xe t/2r2+ twat) /2, (9) 


where hw;=c(p’+Mc)!, i=1,2. Thus we are now 
no longer dealing with a pure & state which (see I) is 
always composed of a @,° state and a @,° state with 
equal amplitudes. Note that w;—w: ~CAM/h; therefore 
the probabilities P(@,/) and P(@,!) of finding respec- 
tively a @ or a & at time / can be written as 


PO) =4N [er en 84 etter ttes 
XcosP@AMt/h], 

P(P,) = iN[e Uri e t/r2 Dg t2ri—t/2re 
XcosPAMt/h], 


(10) 


(11) 


where JN is the density of the initially produced # beam. 
The third term in (10) and in (11) shows a (damped) 
oscillatory behavior which, for times such that @AM¢/h 
~1 (i.e., presumably ‘~7; according to the foregoing) 
might perhaps be observable under suitable circum- 
stances. (In particular it would be required to have a 
very thin target A.) We are indebted to R. Serber for 
drawing our attention to this effect. However, we shall 
for the present be interested in what happens at times 
large compared to 7; where we may ignore the oscil- 
latory term. 

Suppose now that plate B is at a distance from A 
such that the time of flight ¢, from A to B satisfies 
72>t;> 1. This should be possible if our assumption 
t2> 1, is correct. Then the wave function of the par- 
ticles arriving at B is, practically 


i(6.°)e ts/tret ioaty VI = {@)- (P yen ty/2re+ ieaty /2. 





DECAY AND ABSORPTION OF THE @#?* 


In view of the difference in the absorption properties 
of the @ and the ®, noted above, it should be possible 
to make the plate B thick enough to almost entirely 
remove the # part of the wave, while the @ part will 
pass almost unattenuated (the effect of ® scattering is 
discussed below). Thus the wave which emerges from 


B is, practically 
as \etwta—ta/2rs 


Hence the absorber B has restored a (@) wave of about 
one-forth the intensity of the original @ wave emerging 
from A. Therefore two pion decays should reappear 
with a population of about one-fourth’ the population 
observed near the plate A. 

Apart from @ absorption, a second mechanism will 
tend to increase the 6,° frequency beyond the block B, 
namely elastic scattering of either the @ or the # part 
of the incoming wave. Such a scattering will alter the 
relative phase of & and @ in the 6,° packet and this 
effect, too, will restore a 6,° component in the beam. 
On the other hand, charge-exchange scattering of the 
type (8) will tend to deplete the & component, but one 
can correct for this effect since the resulting @* can be 
due only to @, not to &. 

This rather striking prediction about the behavior of 
the @ is in some ways similar to the behavior of 
polarized light under suitable circumstances. Circularly 
polarized light, of either sense of rotation, is a super- 
position of states of plane polarized light, with planes 
orthogonal! to each other. Conversely, a plane polarized 
light beam either with horizontal or vertical plane of 
polarization, is a superposition of two circularly polar- 
ized beams with opposite sense of rotation. By selective 
absorption, a plane-polarized beam can thus be trans- 
formed to a circularly polarized beam and vice versa. 
Quite analogously, the initially produced #’s transform 
into 6,°’s because of a first “absorption” (the decay of 
the @,"s) and because of a second absorption (the 
attenuation in nuclear matter of the #’s) transform 
back into 6,°’s. 

The absorption of # within the plate B must also 
result in the production of A° and probably of @ ac- 


* Note that a normalization factor due to the difference in 
solid angles involved has obviously to be taken into account. 
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cording to the reactions (5), (6), and (7). It was inde- 
pendently remarked by the Columbia group of Booth, 
Blumenfeld, Chinowsky, and Lederman” that the 
observation of A° after the absorber would also con- 
stitute a check of the time change in the composition 
of ® as expressed in formula (9). The same group is 
planning an experiment to observe this effect with the 
Brookhaven Cosmotron. 

It should be mentioned that, as the lifetime of the @,° 
is relatively short, our conclusion about the reappear- 
ance of two-pion decays is verifiable most easily if B is 
composed of a number of parallel plates, enablin gone 
to observe decay events “within” the absorber. 

The use of photographic plates might perhaps enable 
one to test another feature of the @ scheme: If the 
absorber B is moved near the thin plate A, where the 
wave has not yet acquired a large ® part, then #, &, 
A°®, =*+~- should no longer be produced within the 
absorber, while @* might be produced there. Since A®’s 
and @’s are also produced in A by the primary beam, 
these particles cannot be used for this second test. 
However, if B is made of a stack of emulsions, 2’s 
produced in B can be distinguished from 2’s emerging 
from A. Thus the second test is also within experi- 
mental feasibility, though harder to realize than the 
first. 

Finally, the possibility should be noticed’ that a 
beam of 6+ might produce @’s by charge-exchange 
scattering, and similarly @- might produce @. It is to 
be expected that if charge exchange occurs with a 
cross section of the order of 10% of the total cross 
section, such a production method should give a # 
to background ratio considerably larger than is ob- 
tained from targets bombarded by nucleons or pions. 
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We have searched for the process w+ )—+p+e~ or u~+n-—>-n+e~ for u mesons stopped in a Cu target. 
Scintillation counters were employed to detect the electrons from the process. No counts attributable to the 
electrons were obtained and we place an upper limit of ~5X 10~ for the relative rate of this process to that 


for the usual nuclear capture reaction. 


lL. INTRODUCTION 
| hanes hie muons stopped in matter may disap- 


pear by means of two competing reactions, 8 decay 
and nuclear capture.' 8 decay is most probable in matter 
composed of light nuclei, the rates are approximately 
equa! for the nuclei Z=11 and 12, and for the heavier 
nuclei, nuclear capture predominates.?~* In the case of 
copper, capture accounts for about 92%, and in the case 
of lead for approximately 95% of the muon annihila- 
tions.’ The lifetimes are correspondingly reduced; the 
mean lives of ~~ mesons in copper and lead are of the 
order of 10~7 sec. 

A series of experiments in emulsions,** cloud cham- 
bers,?* and with counters,*'* has shown that yu 
capture normally results in the emission of a light 
neutral particle, which is not observed. This particle 
may be identical with the neutrino of 8 decay and 
the normal capture reaction may then be written: 
u-+p-n+y (1). This reaction involves four spin-} 
particles and is in this respect analogous to nuclear 
8 decay : n—>p+e~+y. One may then ask if the similar 
reactions u~+p—-p+e~ (2) and w+mn—-n+e~ (2') oc- 
cur to any appreciable extent. 

The electrons of this reaction (2), when it occurs in a 
complex nucleus, will exhibit a continuous energy dis- 
tribution which should be rather similar to that of the 
neutrinos of reaction (1). This latter spectrum has been 
discussed theoretically by several authors*'*"* and we 
will consider this in more detail in connection with the 
analysis of the experimental results. Here we point out 
only that the expected energy distribution is peaked 


* This research was supported by the joint program of the U.S 
Atomic Energy Commission and the Office of Naval Research 

! Conversi, Pancini, and Piccioni, Phys. Rev. 71, 209 (1947) 
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sharply in the neighborhood of 90 Mev. Lagarrique and 
Peyrou® have made a search for these electrons by 
counting the number of minimum ionizing tracks 
originating from cosmic-ray muons stopped in the 
copper and tin plates of a cloud chamber. After sub- 
tracting for u*+ decay positrons and the free decays of 
u~ mesons, it is concluded that nuclear capture with 
electron emission has a probability of 0.04+0.05 com- 
pared to capture without electron emission. The slight 
positive effect is obscured by the error. 

We report here an experiment in which the sensitivity 
is increased one hundred-fold. 


Il. EXPERIMENTAL METHOD 


Experimentally, the chief problem in this search is 
that of distinguishing the capture electrons and the 
decay electrons. The technique used here is identical 
with that described in a search for the x-electron de- 
cay,'® and we refer to the report on that experiment for 
details. In brief, the 85-Mev x~ beam of the Columbia 
University Nevis Cyclotron is moderated by means of 
absorber in the monitoring counter telescope 1-2 (see 
Fig. 1). The beam contains approximately 7% u 
mesons which have a larger range than the pions, and 
the moderator is adjusted in thickness to permit a 
maximum stopped yu flux in the target. As target for 
the bulk of the experiment we chose a sheet of copper 
t-inch thick. This is a compromise between the de- 
sirability of high Z so that the w mesons are largely 
captured, and low Z so that the resulting electron 
spectrum will not be excessively modified by radiation 
in the target. 

The resulting electrons are detected in a four-counter 
telescope, 3456, into which absorber can be inserted to 
reduce its efficiency for decay electrons. Without ab- 
sorber the detector counts approximately 90% of the 
decay spectrum. With 9 inches of polyethylene inserted 

1 inch each between 3-4, 4-5, and 5—6, and 6 inches 
between the target and counter No. 3—the efficiency for 
counting the decay electrons is 0.2°),'* negligible in this 
experiment. On the other hand, the efficiency for count- 
ing the capture electrons is approximately 50%. We 
record the following events: M=counts in the monitor 
1-2, D=counts in the detector 3456, MD,;= “fast” 

‘*S. Lokanathan and J. Steinberger, Nuovo cimento (to be 
published) 
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12.3456 MD, 
Run No. Target Absorber in detector 1-2 ( X 4096) 3456 D (2-msec gate) 
2.14 g/cm? C None 250 739 231 
'f Background None 220 318 12 
2 2.85 g/cm? Cu None 513 581 123 
= Background None 320 384 16 
3 2.85 g/cm? Cu 31 g/cm? CH; 4746 288 5 











coincidences between monitor and detector in which the 
pulse D comes not later than 2X 10~ sec after pulse M, 
and MD,=“‘slow” coincidences in which D comes not 
later than 2 10~* sec after M. 

The experiment consists essentially of three sets of 
data, one with a carbon target (chosen to have the same 
stopping power as the copper) and no absorber in the 
detector D, a second with copper target and no absorber 
in D, and a third with a copper target and 9 inches of 
polyethylene absorber. 


III. EXPERIMENTAL RESULTS 


The experimental! results are tabulated in Table I. 
The number of counts obtained with the C and Cu 
targets and their backgrounds (target out) are given. 
It should be noted that no counts attributable to high 
energy capture electrons from the Cu target were ob- 
tained in the fast coincidence with the absorber in posi- 
tion. This result represents a total of 20 hours of running 
time. 

During this period the sensitivity of the apparatus 
was checked approximately every hour by removing the 
absorber in D and observing counts due to decay 
electrons. 

We thus find no evidence for high-energy capture 
electrons. The following discussion is an attempt to 
place an upper limit on the rate for the process. 


IV. ANALYSIS OF THE RESULTS 


As can be seen in Table I, no counts were observed in 
the crucial category, that is in MD, with copper target 
and absorber in D. We have therefore no positive 
evidence for the production of electrons in mw capture, 
and proceed to a discussion of an upper limit for the 
branching ratio, 

Rate uw +Cu—--Cu+e 


Rate »-+Cu—-Ni+» 


on the basis of our negative result. 

To discuss R we need the following quantities: 
e=efficiency for counting the capture electron spec- 
trum in D with 9 inches polyethylene absorber ; 7= the 
product of solid angle 2, number of « mesons stopped 
in the copper target, and fraction captured within the 
time of resolution of MD,, normalized to 10* monitor 
counts M ; g=expected counts in MD, per 10* monitor 





counts M, due to other causes, that is, the expected 
background rate. 

The expected number of counts a in MD, with copper 
target and absorber in D and given branching ratio R, is 
then 

a= (q+ eR) X (MX 10~*). 


Since we observe a zero rate, we consider the probabil- 
ity Po(R), of observing no counts, as a function of R, 
where P)(R)=e~** , assuming a Poisson distribution. 

We now discuss the separate quantities ¢, », and g. 


A. Electron Detection Efficiency e 


To estimate ¢ we need the energy spectrum of the 
capture electrons. As has already been pointed out in the 
introduction, this is expected to be very similar to the 
neutrino spectrum of the normal capture process, with 
the only important difference that the Pauli principle is 
expected to play a much smaller role in the final nuclear 
state, since the nuclear charge is not changed. We as- 
sume that the meson is captured by a single nucleon. 
If this nucleon were unbound, the resulting electron 
would have an energy of 102 Mev. However, the nucleon 
is bound in the initial state and may be bound, and 
certainly interacts, in the final state. We have made a 
calculation of the electron energy distribution which 
may be expected due to the motion of the nucleon in the 
initial state. We have entirely neglected the binding 
in the final state, which favors emission of the nucleon 
with small momentum, and therefore higher energies for 
the electron. Our calculated electron energy distribu- 
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Fic. 1. Experimental arrangement. « 





1492 J. STEINBERGER AND H. B. 
os Fo ae 
2} futctaon 1 
Srtc tue 






SPECTRUM BOOTIES 
“ar SY Cuter Loss & 
i io tasoet 





ee 


4 J 4 
to eo ro 9 we oo © 
cnerey @ wey 


Fic. 2. The spectra of capture electrons calculated on the basis 
of the Chew-Goldberger model, with and without energy losses in 
the Cu target 


tion, being too low, will yield therefore a smaller de- 
tection probability ¢« than one which would result from 
a calculation in which the final nuclear state is properly 
treated. This tends to make our upper limit somewhat 
conservative. 

We use the nucleon momentum distribution of Chew 
and Goldberger.’ Following their assumptions, one 
then obtains for the electron energy spectrum (see 
Fig. 2): 

PE 


P(E) 
(PLE+8)—4p 


where p*=2M(u—E), B=4\/(MEp), Ep=deuteron 
binding energy, M,u=nucleon and muon masses re- 
spectively, and h=c=1. 

Continiing the discussion of the electron detection 
efficiency, we need to correct this spectrum for the 
radiation and ionization losses in the copper. 

For the radiation losses we have averaged over a 
formula given by Heitler'’ to obtain: 


dy e sinhx 
wy) dy = e*| c*———— |. 
r'(1+401) y Iny x 


Here (w(y))wdy is the probability of radiation loss into 
the region dy, for electrons originating uniformly from 
the volume of a plate of thickness /; 6 is 1.35 times the 
radiation length of the material ; y=InE/E’ where E and 
E’ are initial and final energy respectively ; x= }6/ Iny 

The average ionization loss is 2 Mev and we neglect 
straggling due to differences in ionization loss. We have 
included in Fig. 2 the calculated modification of P(E) in 
the copper. The resultant spectrum is incident on the 
detector D. 

For the probability that the electrons of this spec- 
trum penetrate the detector D with 9 inches of 


# G. F. Chew and M. L. Goldberger, Phys. Rev. 77, 471 (1950 
17 W. Heitler, Quantum Theory of Radiation (Oxford University 
Press, London, 1949), second edition, p. 226 
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polyethylene absorber, we use the Monte Carlo range 
calculations of reference 15. The ionization loss for 
minimum-ionizing particles in the detector assembly is 
53 Mev. In Fig. 3 we have plotted the probability 
W(E) with which an electron of energy E penetrates 
this absorber. 

Finally the detection probability « is the fold of P(E) 
and W(E): 


= frm ae / [ pEnae=05+008. 


B. », the Product of the Number of Stopped Muons 
Times the Solid Angle Times the Fraction 
Captured in the Copper Target within the 

Resolution Time of MD, 


When the target is carbon and no absorber is inserted 
in D, the mesons which come to rest mostly undergo 
free decay, and the probability of detecting the decay 
electron in D is large. This then permits a calibration of 
the product of the stopping flux F and solid angle Q of 
the detector D. This will be directly applicable to the 
case of the copper target, since its stopping is the same 
as that of the carbon, and the solid angle of D remains 
unchanged. To find FQ, we note that the detection 
probability for the w-electron spectrum in D without 
absorber is 0.9, the fraction of muons decaying to 
electrons in carbon is 0.93,? and the fraction of decay 
electrons falling within the 2-usec gate of MD, is 0.622. 
The counting rate MD, is 213+15 per 10° M. Therefore 


FQ= (213415) X (1/0.9) x (1/0.93) 
X (1/0.622) = 410424. 
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Fic. 3. Detection bility for electron detector with 21 g/cm* 
of polyethylene absorber added. 
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To obtain the fraction which is captured in the 
copper within the gate time MD,, we use lines 2 and 2’ 
of Table I. The counting rate with copper target with 
our effectively infinite gate duration (MD,) is 46.4+5. 
This rate represents the decay electron rate. The total 
number of decay electrons with copper target is there- 
fore (46.4+5)/0.9=51+5.5. The fraction captured in 
copper is therefore [(410+29)— (51+5.5) ]/ (410429) 
= (88+1.3) percent. The fraction of these which fall 
within the gate time MD, is also obtained from Table I, 
lines 2 and 2’, and is MD,;/MD,=0.72+0.12. We have 
therefore 


n= (410+ 29) x (0.88+0.013) X (0.72+0.12) 
= 260+45 per 10° M. 
= 5050 for the run of line 3, Table I. 


C. g, the Expected Number of Background 
Counts 


1. Accidental coincidences.—This follows from the 
known rates M and J, the resolving time (2.5 10" sec), 
the duration of the run (20 hr), and the duty cycle of 
the cyclotron (1/30): 


Qace= 4746 X 4096 X 288 K 2.5 K 10-7 & 30/ (3600 X 20) 
=0.58. 


2. Decay electrons.—In the previous experiment with 
this detector it was found that with 9 inches of poly- 
ethylene absorber, there is still a finite probability, 
1/500, for the detection of the decay electrons. 12% of 
the stopping muons produce decay electrons in copper. 
The expected number of counts is therefore g,..=0.12 
X (1/500) K 4746 (4096/10°) K 0.72 K 410 = 1.38, and 


q= Gace quae = 1 86. 
The expected number of counts a is then 
a(R)= q+ enR 
= 1.86+2620R. 


In Fig. 4 we show Po(R)=e-*™, From this figure we 
see that the probability of obtaining this negative 
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Fic. 4. Probability of obtaining no counts as a 
function of branching ratio R. 


result is ~5% for the branching ratio R= 4X10~™ and 
~1% for R=10~*. The experiment is not sensitive to 
values of R&3X10~*. We feel that the result of the 
experiment is best contained in the plot of Po(R), and 
that perhaps R= 5X 10~ corresponding to Po(R)~0.04 
may be reasonably safe upper limit for the branching 
ratio (u-+Cu—>Cu* + e~/ (u-+- Cu Ni*+ »). 


V. DISCUSSION OF THE RESULT 


The inhibition of the reaction here under study is 
even greater than indicated by the smallness of 
R<5X10~*. There are two factors which should favor 
this reaction: (1) Both protons and neutrons of the 
target nucleus could interact to give the electron, but 
only the protons can contribute to neutrino formation. 
(2) The Pauli principle inhibits the reaction in which 
the nuclear charge changes; this may be a factor also 
of the order 2. To compare the relative coupling 
strengths, we include these factors: 


g(u + pnt v) 
gu +p-pte) 


>4K2K 1 =8X 10°. 
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An intermediate-coupling method of calculation is applied to the meson-nucleon scattering problem for 
the case of symmetric pseudoscalar mesons, coupled to a fixed extended source through derivative coupling. 
It is found that the experimentally observed P-wave phase shifts can be explained by taking the coupling 
constant f?=0.712 and the cutoff wasx=6.21 meson masses. (This corresponds to a renormalized coupling 


constant /,2=0.105 


I. INTRODUCTION 

ECENT experimental evidence’ on the scattering 

of mesons from nucleons indicates that in the 
energy range 50-200 Mev, the cross section can be 
completely accounted for by considering the P-wave 
state of isotopic spin } and angular momentum 3, plus 
small contributions from S-wave phase shifts. In order 
to understand this simple behavior, Chew’ has investi- 
gated the consequences of a symmetrical pseudoscalar 
meson theory. In this model the meson field interacts 
with a fixed extended nucleon through pseudovector 
coupling. In the weak-coupling limit, the predictions of 
this model are in complete contradiction with experi- 
ment. However, using a method of approximation 
similar to that of Tamm and Dancoff, Chew was able 
to show that for stronger couplings, the experimental 
P-wave phase shifts are explainable. One may under- 
stand this by recalling, that in the strong-coupling 
calculations of Pauli and Dancoff* the first isobar state 
is the J=]= 3 state. Chew’s results indicate that while 
the coupling is not strong enough for the existence of a 
stable isobar, it is sufficient to give a resonance at 
approximately 190 Mev. In view of this it seems desir- 
able to investigate the above model by using a method 
that, unlike the Tamm-Dancoff treatment, does not 
limit the number of mesons in the field. With this in 
mind, we have applied a previously described‘ inter- 
mediate-coupling method to the meson-nucleon scatter- 
ing problem. 

The problem divides into two parts. The first is the 
solution for the ground state (i.e., physical nucleon) 
using the Tomonaga variational method.* The details 
of this procedure are discussed in Sec. III. The scatter- 
ing state is then obtained by again using a variational 
technique. Here, we construct a trial function by multi- 
plying the ground-state wave function by a scattering 

* Part of this research was supported by the joint program of 
the Office of Naval Research and the U. S. Atomic Energy 
Commission 
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function for the meson. The determination of this 
scattering function and its consequences are discussed 
in Sec. IV. 

Our results seem to substantiate the principal findings 
of Chew. The 4,3; phase shift agrees with experiment, if 
the coupling constant f?=0.712 and the cutoff wmax 
= 6.214, where yu is the meson mass. (This corresponds 
to a renormalized constant f?=0.105.) The 63; and 61; 
phase shifts are small, being, e.g., —1.60° and 5.99° 
respectively at 200 Mev. 


Il. THE HAMILTONIAN 


We describe the interaction of pions and nucleons 
by using the following Hamiltonian: 


1 3 
ait J X24 (0.)+u004Ie% 
2 a=) 
+ (4r)*(f 1) [ UO ra(0-V6.)e, (1) 


where the ¢, and x, are the three Hermitean field vari- 
ables and conjugate momenta describing the mesons. 
U(r) is a spherically symmetric, normalized source 
function. Since only P-wave mesons will interact with 
the nucleon in this model, it is convenient to expand 
x, and @q in spherical waves. Thus: 


bal(r) => (Qwe) Wi, ef aia(k) +ain* (k) | 
ki 
+ S-waves+ D-waves+ ---, 
and 
ra(r)= — > (hon) Wi cil aia(k)—aia*(k) | 
| 7) 

+S-waves+ D-waves+---, (2) 

where 


W. a= (3/2eR)'(y,/kr*)(sinkr—kr coskr), i=1,2,3 (3) 
corresponding to the three P-wave functions normalized 
in a sphere of radius R, with & as the magnitude of the 
meson momentum and w,;= (&*+ 4")! the meson energy. 
Qia(k) and aj.*(k) represent the annihilation and crea- 
tion operators respectively. 

Substituting Eq. (2) into Eq. (1), we obtain for the 
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SCATTERING OF PIONS BY NUCLEONS 


P-wave part of the Hamiltonian: 
H= & (widia® (h)aia(k) + (f/u) (3axeR)* 


ki,a 
<u(k)Roitel aia(k)+aie%(k)}}, (4) 


where 


ut)= fue exp(ik-r)d'*r. (5) 


The four ground states of this Hamiltonian correspond 
to the physical nucleon with its four possible values of 
spin and isotopic spin. The scattering of a meson by a 
nucleon will be described by the first excited states.® 


Ill. PHYSICAL NUCLEON 


The ground-state wave function will be obtained by 
using a variational method, similar to one introduced 
by Tomonaga® for the charged scalar field. In this 
Tomonaga method, one takes advantage of the Bose- 
Einstein statistics obeyed by mesons, by assuming a 
trial function in which there is no limitation on the 
total number of mesons, but in which all mesons are 
required to have the same radial distribution. 

Let | N,) be the state vector of a physical nucleon in 
a spin, isotopic spin state p (p=1, ---, 4). In the Fock 
representation of such a state the probability amplitude 
for finding a bare nucleon in a spin, isotopic spin state 
p’ and m,, mesons of the i,a type with a radial mo- 
mentum distribution &;'*, ---kn:a** is assumed to be 


kaia**: p’ Ns =C,(p’ tie) Il f(Remé*), 


1am 


(ky**, - (6) 
where i and a run from 1 to 3 signifying the possible 
angular momentum and isotopic angular momentum 
states of the mesons. Invariance under rotations in the 
ordinary space and isotopic spin space requires that the 
radial distribution /(k,,‘*) be the same for all i and a. 
The function /(&) is chosen to be normalized to unity. 


de! f(k) |P=1 


where the sum extends over the magnitude of k only. 
The functional form /(&) and the constants C,(9’ nia) 
will now be determined by the variational method: 


5(N,| H—E,|N,)=0, 


with Ep as the self-energy of the nucleon. To carry out 
this variation we shall take advantage of the special 
functional form assumed in Eq. (6). It can be shown’ 
that it is convenient to use a reduced Hamiltonian 
instead of the original H in the variation. This reduced 
Hamiltonian is obtained by replacing a;.(k) and aia*(k) 
in the Hamiltonian H, Eq. (4), by 


Oia(k) — f(k) aia, 


(7) 


and 
Gia* (k) — f*(k) aie”, (8) 
* For the scattering problem we restrict ourselves to those 


values of { for which there are nc stable isobar states. 
™ See T. D. Lee and D. Pines, Phys. Rev. 92, 883 (1953). 
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where the ai. and ai." are independent of & and obey 
the usual commutation relations for annihilation and 
creation operators. We thus obtain for the reduced 
Hamiltonian’: 

H — K=Qaje* iat (G/N2) ita (@iatGia®), 
where 


(9) 


Q= DP war! f(k) |’, 
and 


G= f(2/3R)* Dil f(k)u (kM, (wa) *s). 


The best values of the constants C,(p’,";.) of Eq. (6) 
are then directly given by the ground state |M,) of the 
reduced Hamiltonian %. Furthermore, the value of the 
self-energy Ey is precisely the corresponding eigenvalue, 
given by 


K|N,)= Eo N,), (10) 


where p=1, ---, 4 representing four degenerate spin, 
isotopic spin ground states. 
By minimizing E» with respect to an arbitrary func- 
tional form /(k), we obtain 
S(R) = —Lfu( BRN, | or adia|N,) ] 
X [u(3Rw)'(w+A)(N,| aia* Gia |My}, (11) 


where \ is a constant determined by the normalization 
condition on {(k). 

In the limit of {+0 and f—> ”, Eq. (10) can be 
easily solved. As pointed out by Harlow and Jacob- 
sohn,* the values of Eo in these two limits are identical 
with that calculated by the rigorous weak- and strong- 
coupling methods using the original Hamiltonian H. 
In order to solve Eq. (10) for an intermediate value of 
f, it is convenient to introduce the canonically conju- 
gate variables x,. and pia, given by 


Xia™ (GiatGia*)/V2, 


and 
Pia™ (Gia— Gia") /V2i. (12) 
Equation (10) then becomes 
(Pia? +Xie?+foitaXia)|N,)=€|N,), (13) 


where f=2G/Q and e=2(E,/Q)+9. The state vector 
R,) is seen to be a spinor with 4 components each of 
which is a function of nine variables. The problem is 
thus reduced to the solution of one involving nine 
coupled harmonic oscillators. 

Further simplification can be achieved by making 
use of the symmetry properties of Eq, (13). In order to 
study this question we introduce the following rotation 
operators. The components of the orbital angular 
momentum of the mesons are given by 


Li=XjaPta—XkaPja; 4, j,% in cyclic order (14) 
with the total angular momentum 
D= L?. (15) 


* In Eq. (8) as well as in the following, we shall use the contrac- 
tion convention with respect to the indices i and a such that a 
sum is required whenever the index é or a appears twice. 

* F. Harlow and B. Jacobsohn, Phys. Rev. 93, 333 (1954). 
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The components of the isotopic angular momentum of 


the mesons are similarly given by 


T.=Xipfix—Xixfis; a,8, 7 in cyclic order (16) 


with the total isotopic angular momentum 
(17) 


The components of the total angular momentum J; 
and total isotopic angular momentum /, are then 


J = Litho; (18) 


and 


e=Tathre. 


One may readily verify that J?, J;, /*, 7; commute 
with the Hamiltonian X. The ground state %,) corre- 
sponds to a state with J=/] Thus, it is only neces- 
sary to consider meson clouds with T and L equal to 
zero and one 

Since L and T are themselves each the sum of three 
individual angular momentum operators, it is interest- 
ing to find that their eigenfunctions are restricted to a 
few simple classes of functions. It is useful to define the 
as follows: 


quantities s;, Ss, and S$; 


Si XiaXia, 


53> €:jt€aByZiaXjarXky, 
and 


$3= XieXjpXistia, (19) 


where ¢;;, and ¢,, are the usual isotropic antisymmetric 
third rank [i-e., eje=(+1,—1) for an 
permutation of the indices, and is zero 
otherwise |. It is easy to see that s;, 52, and s; are three 
functionally independent eigenfunctions with L= T=0. 
In fact, one can prove that the most general form of 
any eigenfunction of L and T with L and T equal to 
0 or 1 can be expressed in terms of these quantities s; 
and their derivatives. This is stated by the following 
theorems (proved in Appendix I) 

If S(xi) is an eigenfunction of L and 
0, then 


tensors of 
(even, odd) 


Theorem I. 
T with L=T= 
(20) 


Theorem II 
with L=1,T7 


tage j (Xia) ( 


), en 


j=1,2,3) are eigenfunctions 


V;=0; 


similarly for eigenfunctions with L=0 and T=1. 
Theorem I11.—If VUya(xie) are eigenfunctions with 


T= 1, then 
' OSs) 
Ss )s $1. Se.) 
— - ed ad , 
h—! ax 8 


where the S* are three scalar functions. 

With the aid of the above theorems, and the require- 
ment that the wave function be an eigenfunction of 
I=J=%, we may immediately express the physical 


AND CHRISTIAN 


nucleon in terms of the bare nucleon as 


3 OS) 
-[s+z $(—)or.] Ne), (23) 
h=l OX ia 


where |m,) is the bare nucleon spinor. The S* 
(A=0, 1, 2, 3) are scalar functions. They are deter- 
mined by substituting (23) into (10). This yields four 
coupled partial differentials equations in three inde- 
pendent variables s,, 52, s;. Unfortunately, these equa- 
tions still appear to be too complicated for analytic 
solution, and even for numerical solution by present 
electronic computing machines. Therefore, in the spirit 
of a variational calculation, we restrict ourselves to the 
subset of functions given by limiting the S* in Eq. (23) 
to be functions of the nine-dimensional radial variable 
s, only.” With this approximation, the equations that 
determine the S* now become four coupled differential 
equations in one variable. 

For practical purposes, it is convenient to choose a set 
of orthogonal angular functions which are linear com- 
binations of the 05,/dxi.. They are: 


! i 
2°4!x'* r 
me GM) 
24!) \6 
139! 11 Oss 1 Zia 

IS 
294 !xr4 10 4” OXia 4 r 
where 
r= (XieXia)?. (25) 


These satisfy the following orthonormal relations on 
a unit sphere in the nine-dimensional x;_ space: 


[rove d*2=8,5, ban, 


where d*°Q is the solid angle in this unit sphere. The 
state vector now becomes: 


(26) 


KR,)=[Folr) +E, Falr)V iaoita]|m,). 27) 


| 


The differential equations for the F, are then ob- 
tained by applying the Rayleigh-Ritz variational pro- 


“In Appendix I, we introduce the three scalar functions Q,, 
Q:, and Q,. If the four partial differentia] equations referred to 
above are written in terms of these variables, then the resulting 
system of equations exhibits cubic symmetry in the Q;, Q2, Q: 
space. This fact was pointed out by Stuart P. Lloyd in private 
communication. 

Since s;=Q2+02+0,, the dependence of S* on s; only essen- 
tially assumes that, for this problem, it is a reasonable approxima- 
tion to replace cubically symmetric functions by spherically sym- 
metric ones. The best form of the latter is determined by a 
variational principle. 
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cedure to Eq. (10). Thus: 


ids dFy 
-- —(r—) +rFot+frFi=Fo 
ridr\ dr 


1 d ai 
-- -(r —)+- “rite Pe-(—), 
rdr dr r 
id dF, 18 
14 actor 
rdr dr r 
c 8\! 50 \3 
+H - (-) r+(—) r= 
11 143 


ids dF;\ 30 750 \4 
-5-( ‘) Patek stir =) F,=eF3, (28) 
2 14. 


redr dr r? 


P,|-er 


where f and « were introduced in Eq. (13). 

These differential equations were then solved nu- 
merically by a relaxation method," by using the elec- 
tronic digital computer at the University of Illinois. In 
this method we approximate the continuous values of 
r by two hundred discrete lattice points. The problem 
was then solved for ten different values of f ranging from 
zero to twenty. The r*F,(r) are plotted in Fig. 1 for 
f=3. This value of f will be found to give the best 
agreement between the scattering calculation and 
experiment. 

It is of interest to examine the accuracy of the 
approximation introduced by restricting the F, to be 
functions of r only. In both the limits of very small and 
very large values of f, one may solve Eq. (13) exactly. 
One then easily verifies that the resulting rigorous 
wave function is in fact identical to that of (27), in the 
weak-coupling limit. However, in the strong-coupling 
limit the approximate form (27) does not go over to 
the exact solution. In Table I we have tabulated some 
typical matrix elements, calculated by using both the 
approximate wave function (27) and the rigorous 


Tasie I. Some — matrix elements for various 
values of f= 2G/2.* 








| 
(exact 
solution) 


jo 





(Np! ra! Ky) 


0.073 —0.014 0 


(Np’| Ta Mp) 
(Tye | sre! Ny) 


(Rp FiTa My) 


0.381 0.323 


Worl GiTa My 


(Nyr| He! N, ~y -01584f -O14f =~f/6 








* Matrix elements in Column 1 are calculated by using the exact weak- 
a nu pling solution. These are identical with that obtained by using the 
solution of Eq. (28). Matrix elements in Column 2 and Column 3 are calcu- 
lated by using the solution of Eq. (28). Matrix elements in Coiumn 4 are 
calculated by using the exact strong-coupling solution. 


aan G. E. Kimball and G. H. Shortley, Phys. Rev. 45, 815 
(1934). 











Fic. 1. Plot of r*F,(r) for f=3. Note that F; and F; are nega- 
tive. These functions are so normalized that 


D (Py *dr = 0.6718. 
I 


strong-coupling solutions. One sees that in the strong- 
coupling limit the agreement is fairly good. 


IV. SCATTERING STATE 


In order to describe the scattering of a meson by a 
physical nucleon, we shall make use of a variational 
principle for the calculation of phase shifts. This pro- 
cedure has been discussed by Lee and Christian,‘ in 
connection with the charged scalar theory. In a similar 
manner, we assume that the trial function for the scat- 
tering state of total angular momentum J and total 
isotopic spin J is 


Wrs= DL Xrs(k)Cia’ (I,J) aia® (h)| N,) 


kii.a.e 

+E Drs?|N,), (29) 

, 

where |N,) is the state vector of a physical nucleon in 
the spin, isotopic spin state p (p=1, ---4). Cy.*(I,J) 
are the appropriate numerical factors for constructing 
a state of total angular momentum J and total isotopic 
angular momentum / from a nucleon in the state p and 
a meson in the state i, a. The C,.’(J,/) may be directly 
obtained from the Clebsch-Gordan coefficients.” 

The scattering wave function of the # meson is 
described by the function x;,(k) which together with 
the constants D,;,’ are determined by the variational 
procedure, 

4(V1z| H— Eo—wo| V7) =0, (30) 


2 Cia’ and Dig’ are functions of J, and J, also. However x7 
is not. 
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where Ez is the self-energy of the physical nucleon and 
wo is the total energy of the incident meson. 

On taking the variation (30) with respect to D,,’, 


one obtains 


Diy? Ba rk (N, Xs ( BC ia” US) aia* k) V, 


sia. 
which of course is the same as the requirement that the 
ground states be orthogonal to the scattering states. 
The variation with respect to an arbitrary functional 
form of X;,(k) is performed in a manner identical to 
that in the charged scalar case.‘ We then obtain the 
following integral equations: 
(cou wo) Xr (kh) = Dow Kr a( hk’) X17 (Rk), 


(32) 
where 
Krs(k,k’) = 4A ral f (Bw f(R) +f (kof (k) ] 


+Brsf(k)f(k’), (33) 


and A;, and B;, are constants which depend only on 
the structure of the physical nucleon. They are most 
conveniently given in terms of the matrix elements 
K,L,M,0O,P,Q,R which in turn are defined 


follows: 


as 


= Kb ibaa 5, 


N,)+baptise(N, 


(i 


Ly Bia Ajg Ny 


FIL] Bijeayy(My’ | Ty a, N, 


+ MI éijetasy(Ny ort, | N, 


06 bax 5, 


(MN, OT als Tes 


+1tP) bijtasy(n, 


ry+(Ars/4) [we 


tand;, 


AND CHRISTIAN 


and 
(My | dia® | N,)= Rin, | oire|n,), (34) 
where m,) is the bare-nucleon spinor and |%,) is the 
corresponding physical-nucleon wave function in the 
reduced space. 
The constants A;, and B;,; can then be expressed 
for various J =4,} states as 


Ayy=- (O+2P—Q), 


3 


K 
(K+2L—M)+ 
O 


K 


By y=’—(0+2P—0)+wo(K+2L—M), 
O 


K 
= Ay y= —(K—L+2M)+—(O—P+20), 


Ay? 
O 


" 
By 4=\—(O— P+20)+wo(K-—L+2M), 
O 


By 


{44> 


’ 


K 
~(K-—4L—4M)+—(0-4P—40), 
O 


By y=’—(O—4P—40)+w0(K —4L—4M)—9R%wo, (35) 
O 


where A is defined in (11). 

We note that the kernel (33) is separable and hence 
Eq. (32) can be solved by elementary means. The re- 
sulting phase shifts 6;, for various JJ are given by 
k) 


f?(k) + (wf? k) — Qwo(w f? 


(36) 


~ Brs(f2(k))+(Ars*/4)[ (of %(k))?- 


where 


g(k) 


for any function g(&) and & signifies that the principal 
value of the integral is to be taken 

In the weak-coupling* limit these phase shifts are 
exactly correct as is expected. It should be note that in 
using a trial function of the form (29) we have implicitly 
assumed that no stable isobar exists. This of course 
does correspond to what one actually finds in nature. 
Unfortunately, it makes direct comparison with the 
exact strong coupling limit impossible. 

In order to compare the phase shifts (36) with recent 
experimental results,’ it is necessary to choose a form 
for the source function u(k). Following Chew, we take 


u(k) to be a step function 
u(k)=1 
=0 


R< Rows 
k> k. ax 


for 


for (37) 


This form of «(&) enables us to analytically perform 
all the integrations that appear in (36). The phase 


1 = g(k) 
of dk 
Ls w~— Wo 


shifts then depend on only two parameters, the cutoff 
Roax and the coupling constant f. These were deter- 
mined by requiring that 44, passes through the experi- 
mentally deduced values for incident kinetic energies 
of 65 Mev and 189 Mev (in the laboratory system). 
They are 

Wax = (Raz? +’)! = 6.21, 


f°=0.712, 


(38) 


where yu is the meson mass. Using these values, all four 
phase shifts were then computed over the energy range 
0 to 217 Mev. They are plotted in Fig. 2. One sees that 
only 44, is appreciable throughout most of the energy 
range. It is of some interest to notice that, although it is 
very small, 5; 4 is positive, while it would be negative 
if the coupling constant were much smaller. 

One may now ask if in using the parameters of Eq. 
(38) we are near either the weak- or strong-coupling 
limit. As far as the distribution of the number of mesons 
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in the Fock space is concerned, the relevant quantity is 
}, which in this case is 
f=3. (39) 


Referring to Table I, one sees that the various matrix 
elements in the reduced space are very close to the 
strong-coupling limit values. On the other hand, for 
this case the \ that appears in Eq. (11) has the value 


A= 3.39. (40) 


However, in the strong- and weak-coupling limits A is 
identically zero. Thus we see that while the distribution 
of the various numbers of mesons resembles that of the 
strong-coupling limit, the meson orbital momentum 
distribution is quite different from either the strong- or 
weak-coupling limits. 

In order to compare with other methods of calcula- 
tion for the same problem, it is convenient to compute 
the mesonic charge renormalization Z2/Z,. This can be 
done by utilizing the identity™ 


fe / f= Z2/LZi= (Ny | Gita Ny)/ (My |\CiTa|M,), (Al) 


where f, is the renormalized coupling constant. Using 
the value of this matrix element given in Table I, we 
find that 


f2=0.105 (42) 


in the present case. 

It is of interest to notice that the same /,? may be 
obtained in a semiempirical way. By using a general 
result obtained by Chew and Low,'® it is possible to 
show'® that the rigorous scattering solution of the 
original Hamiltonian H, Eq. (1), has the following 





PHASE SHIFT 











Thee (Mev) 


Fic. 2. Plot of phase shifts os Ti... The open circles are the 
values given by de Hoffmann ef al., while the solid dots are those 
given by Glicksman and by Bodansky et al. (see reference 1). 


38 See Appendix II for numerical values of other matrix elements. 

“T. D. Lee, Phys. Rev. 95, 1329 (1954); G. F. Chew, refer- 
ence 2. 

4 F, E. Low, Phys. Rev. 97, 1392 (1955); G. F. Chew and 
F. E. Low (to be published). 

4% R. Serber (private communication). 


property. If the function F;;(w) is defined as 


| wy 
F,3(w) = (k) {| — cotirs—~ (43) 
w wf 
then at w=0 
Fr,(0)=Ar 7" (44) 
exactly, where 


Ay y= (4/3) f?, 


Ma Ane= — $f, (45) 


and 
Ag. g= — (8/3) f?. 


By using the experimentally deduced values of the 53; 
phase shift up to about 175-Mev incident meson energy, 
the function Fy ;(w), plotted against w, is found to be a 
remarkably straight line. One may graphically extrapo- 
late the function F; ;(w) back to the point w=0. The 
renormalized coupling constant f/f, can then be deter- 
mined by using Eq. (44). Thus one obtains 


fP=0.10, 


which agrees with Eq. (42). Inclusion of phase shift 
data beyond 175 Mev would add a curvature to Fy ;(w) 
in a direction as to make f,’ slightly larger. 

The authors wish to thank Professor R. Serber for 
stimulating discussions. We would also like to acknowl- 
edge the hospitality of the Institute for Advanced Study 
and the University of Illinois where part of the work was 
carried out. 


APPENDIX I 


In this Appendix we wish to study the general func- 
tional form of the variables x;., which are simultaneous 
eigenfunctions of the operators Ls, L*, T;, and 7T* with 
eigenvalues L=0,1 and T=0,1. These operators are 
given in Eqs. (14) through (17). Since the polynomials 
Xia, Xiakjs,***, form a complete set of functions 
(Weierstrass’ theorem) and since the operators L;, T. 
commute with the operator 2;.0/0x;_ (thereby preserv- 
ing the degree of any homogeneous polynomial), it is 
only necessary to consider homogeneous polynomials. 

It is convenient to define the following tensors (all 
repeated indices to be summed) : 


(1A) 
(2A) 
(3A) 


Cap= XiaXeg, 
T aby = €ijXiaXjpXey 
= T éepy, 
where T is evidently a scalar quantity given by, 
(4A) 


T= be ijn€apyXiaX jpXny. 


Since Cag is a real, symmetric matrix it may be 
diagonalized by an orthogonal transformation. Let us 
denote its eigenvalues by Q;’, 07, 0. Then, since T is 
the determinant of the matrix (x;.), one can write 


T=0,00: (SA) 
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The three scalar quantities s;, 52,5; introduced in 
Eq. (19) are then related to the Q, by 


s3=0;'+05+08 (6A 
We now wish to prove the following theorems. 

Theorem 1: If S(xia) is an eigenfunction of L and T 
with L= T=0, then 


S=S(5s,,52,5 (7A) 


Proof: Let us consider a homogeneous polynomial of 
nth degree, 


Sa Li; in @] a@nX tho} *Zinan (8A) 


We thus wish to contract a tensor of nth rank (in both 
the i and a indices) into a tensor of rank zero. Thus the 
coefficients A i;---in.«1---«, must be made from products 
of the isotopic tensors 5,; and ij 
Furthermore, we note the identity 


(similarly for the a 
indi es 
5518 jd ent 5 ion d j nd ict + 5 ind 510 tem 


— 51D jn Diem = 5 ind jd b1- 5 ind 510) n 


€ijk€imn 


(9A 


Thus we will never have to use more than one €ij% 
and €.s, in contracting the indices. 

(a) We first consider homogeneous polynomials of 
Using the above statement we take 


even degree 
a, to be a product of 5, and d,s only. After 


contracting on the i indices, we find that the poly- 
nomial! consists of sums of terms, each of the form 


Can—ian 


( aja ‘a a4 


Contracting with respect to the a indices, we find this 


polynomial! can be written as (or sums of 
[L(O2e+< mri) 
h 


, where 


1OA) 


S,=[] Trace(Cas)” 
d 


or sums of such terms 


> am, = n/2. 


Thus (7A) is true. 

(b) We now consider polynomials of odd degree. 
After contracting on the i indices, we find the poly- 
nomial to be a sum of terms of the type 


T ¢aja2ar aes — jl@n- 


Upon contracting with respect to the a indices, these 
terms become 

7 ta jaza Xt “ahi '¢ ‘eH Cash i" €8 BBS n’, 
where S,- is an even polynomial of the form (10A) and 


2(k+-1l+m)+n'=n—3 


Thus, upon using (5A), (6A), and (9A), we complete 
the proof. 

Theorem 11: If Vs(xia)(8=1, 2, 3) are eigenfunctions 
of L=0, T=1, then Vg=0. Similarly, if V;(xia) 
(j= 1, 2, 3) ave eigenfunctions of L= i, T=0, then V;=0. 


AND CHRISTIAN 

It is evident that we need explicitly consider the 
L=0, T=1 case only. 

Proof: (a) Consider a polynomial of even degree. We 
must then simultaneously contract an mth-rank tensor 
in the ¢ indices to a zero-rank tensor and an mth rank 
tensor in the a indices to a first-rank tensor. 

After contracting with respect to the i indices, the 
polynomials consist of sum of terms of the type 


CayaXC apa4° > Cen l@n- 


After contracting with respect to the a indices we find, 
Vs can be written as (or sums of) 


J 8 = €ayagag 018"Ca203' Snr, 
with 


2(k+))+m=n, (11A) 


where, if & is zero, then Cas°=day. Since Cag is a 
symmetric matrix, we have Vs=0. 

(b) Let Vg be a polynomial of odd degree. After 
contracting with respect to the 7 indices, Vg consists of 
sums of terms of the type 


T €aya20z aga‘ ve Cais l@n,; 


which, as in the above case, becomes zero after con- 
tracting with respect to the a indices. 
Theorem III: If Vialxjs) are eigenfunctions of 
T=1, then Via can be written as 


2 fas, 
Vie =( )srsusus), 
mt NOX ia 


where the S* are three scalar functions. 

Proof: (a) Let Usa be a polynomial of odd degree. 
Then we need only use 8; and 64s in order to contract 
the indices. After contracting with respect to the i 
indices, Usa consists of sums of terms of the type 


(12A) 


XiayCazaxC aga’ = *Can- l@n, 


which, after contracting with respect to the a indices, 
becomes 
XiaCaie"S a 2n—1- 


Using the identity, 


0 
( ) pa! = QAxiayCasa""', 
OX ia 


one completes the proof for this case. 

(b) Let Usa be a polynomial of even degree. We must 
use one €j.; and one €,3. By writing the polynomial ex- 
plicitly in terms of the isotopic tensors, it is clear that 
the index will be carried by either xi or €ije. Similarly 
for a. Thus we only need to consider the following 
three cases: 


(13A) 


Via = XigC pa'Sm 
Vie 


Via” = €jntapytarCrg™ Fag py"S ¢- 


2) = TirtabyCrp'Cae"C yo "Ear py 


(14A) 
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Using (13A) immediately completes the proof for 
Vie. 

Using (9A), we notice that U,."” can be written as a 
linear combination of the type Via". 

For the third case, we introduce the scalar function 


S= 2jpVj9™. (15A) 


Without loss of generality, we need only, in the defini- 
tion of Usa’, to consider the case S,= 1. 
Differentiating (154), we obtain 


Vie = (0S/OXia) “ame Xjp€jit€pysC ay" XipC ps” 
— Xjp€jes€pysXexCry"C as" 


_ XjpXkrXip€jnr€sya (9, ‘OXia) (CC 2"). (16A) 


We notice that the second and third terms on the 
right-hand side of (16A) can be reduced to a linear 
combination of Usa"’. By using Eq. (3A), the last 
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term can be explicitly written as 
- T esrptays(O/OXia) CrifC ns"), 
which, on using (9A), can be written as the product of 
scalar functions by the derivatives of scalar functions. 
Thus we complete the proof. 
APPENDIX II 
In this section, we list the numerical values of matrix 
elements and other quantities used in the scattering 
calculations for f?=0.712 and wmax= 6.21. 
f2=0.1048, K=0.19906, L=0.07704, M=—0.05538, 
O== —0.32145, P=—0.08626, Q=0.17631, 
R=—0.32145, f=3.0, \=3.39, 2= 4.7557, 
where K, L, M, ---, R are defined in Eq. (34) and 
J, \, Q are defined in Eqs. (9), (11), and (13). 
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Anomalous Magnetic Moment of the Nucleon 
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The ground-state solution of the physical nucleon problem in the Tomonaga approximation is used to 
compute the anomalous magnetic moment of nuclecns. When computed on the basis of parameters that 
make the phase shift calculations in the Tomonaga approximation consistent with meson-nucleon scattering 
data, the values obtained are +1.48 for the proton and —1.48 for the neutron. 


I. INTRODUCTION 


HE meson-nucleon scattering calculation in the 
Tomonaga approximation! seems to give a correct 
description of the experimentally observed data in the 
low-energy range. Furthermore, a weak-coupling treat- 
ment of the same Hamiltonian? (with a gauge-invariant 
electromagnetic interaction added) yields +1.44 nu- 
cleon magnetons for the anomalous magnetic moment of 
the nucleon (plus for the proton and minus for the 
neutron). This result is also fairly close to the experi- 
mental one, and hence it becomes of interest to do this 
last calculation again, but now using the Tomonaga 
approximation. 


Il. METHOD OF CALCULATION 


The Hamiltonian used will be the same as that of 
reference 2. As was done there, we will not include the 


* Submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, in the Faculty of Pure Science, 
Columbia University. 

t Present address: Physics Department, Massachusetts Insti- 
tute of Technology, Cambridge, Massachusetts. 

' Friedman, Lee, and Christian, Phys. Rev. 100, 1494 (1955). 

*M. H. Friedman, Phys. Rev. 97, 1123 (1955). 


effect of the nucleon current or the Dirac moment in 
intermediate states. We will proceed by evaluating the 
matrix element 


(H™) =(Wo|j- Al Wo), (1) 


where WV» is the state vector representing the physical 
nucleon. (Natural units to be used throughout.) We 


write 
‘ Ips dg; 
j:A=e Ai(o —dor Jax, (2) 


Ox, Ox, 


where ¢1, ¢2 are the first two components of the meson 
field and are real. (Repeated indices are to be summed 
over all values from one to three, throughout.) A is the 
electromagnetic vector potential and is chosen to be 
transverse for the purposes of this problem. For 


A=V-1>", A(q@ exp[—iq-x], (3) 


and 
ba= V9 SF ef Quo( |!) Pf an(k) explik-x] 
+a,_*(k) exp[—ik-x]} (4) 
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we have, in the momentum representation, 
ies A(k—W’)-[e +k’) 
) A >) x * F 
yi 2f wl ik! )w({k’})} 
X (a, k)a» ~ k’)+a,(k)a.* k’) 
+a,*(—k)a.(—k’)+a,*(—k)a2*(k’)} 5) 
We now insert 
a,(k)= aja f i(k (6 
and 
f (ke iV3k;/ |! )g(\k 7 
from the Tomonaga approximation’ (k; is the jth 
component of k). Let 
tjat= (1/V2)f tja*+ja 8 
and 
Pia= (i/V2) dja*— Aja is) 
We get 
j}-A= RintinxXe (10 
where 
tie A(k—k’)-[h+k’ }eikn’g(k) glk 
R im > ut 11) 
yi fwo(k)w(k’) jk k’ 
The matrix element 
Vo* xntene V (1/9) rs€imnt 2B (12) 
Here éimn is the antisymmetric isotropic tensor (1.e., +1 


for even permutations, —1 for odd permutations of 


m,n), and 
in »\! 2 1 
B | | ( ) Fok s F;? F? 
11 11 13 
10 9 
+ FF s4 F Wr*dr, 13) 
liy/13 110 
where the F,;’s are the radial wave functions that appear 
in the solution of the physical nucleon problem.' Hence 
H*™)=Or3B, 14 
where 
O= (1/9) RimtimnT (15 


It is now permissible to assume that the magnetic field is 
a slowly varying one, so that we may expand to first 


* For this problem it is more convenient to work in a moment 


representa 


representation rather than in an angular momentun 
tion as was done in reference 1 
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order in |k—k’|. Thus Q becomes 


2ie [ (A(q)-k)(@Xq) -k }g?(k) 


j= -—F, .-— 
3Vi w(k)|k|? 


, (16) 


where we have set q=k—k’ and have used the Lorentz 
condition, 

A(q)-q=0. (17) 
Performing the angular integration over k and noting 
that the magnetic field 


§(x=0)=—iV > [qXxA(,) ] (18) 


we obtain 


; 4M\/_ ¢*(k) 
He -( «o)/( \(= rp, (19) 
2M 9 w(k) 


where M is the proton mass. Thus 31, the anomalous 
magnetic moment of the proton in nucleon magnetons 
(that of the neutron being equal and opposite), is 


4M g?(k) 
m=— (x. )e 
9 w(k) 


limit in the weak- 


(20) 


This expression reduces to the correct 
coupling approximation. 
Ill. RESULTS 


The functional form of g(k) can be derived from a 
variational principle! and is 
2r\! fNu(ik!)\k 
g(k)= -( ) pepe? ’ 
37 [w(k) }¥w(k) +A] 


where f is the meson-nucleon coupling constant, u(|k!) 
a cutoff function in momentum space, V the matrix 
element 


(21) 


Vo) Tad Xja\ Vo 

V=yv2 ’ (22) 

Vo PiaPja TX jar ja— 1 Vo) 
and \ is determined by the normalization condition 
dX e(k)=1. Sal e*(k)/w(k) ] has been evaluated ana- 
lytically, taking w(/k!) to be a unit step function with 
the cutoff at k| = K..... Using the same parameters as 
were used to fit the scattering data (/*=0.720, and 
(K mex? +1)'=6.21 meson masses), we find V? 
3.39, and B= —2.18. Thus 


2.61, X 
= 1.48. (23) 


The authors would like to thank Professor R. Serber 
and Professor T. D. Lee for many helpful discussions. 
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Dispersion Relations for Pion-Nucleon Scattering.* I. The Spin-Flip Amplitude 
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Dispersion relations are derived for the derivative with respect to sind, taken at zero angle, of the spin- 
flip amplitude for pion-nucleon scattering. The derivation of these relations is based on general field- 
theoretical concepts. It is shown that the condition of microscopic causality is sufficient and essentially 
also necessary for the existence of these equations. The special form of the dispersion relations depends on 
the assumptions about the high-frequency behavior of the spin-flip amplitude. 

The exact dispersion formulas, which are derived under the more stringent boundedness condition for 
the amplitude, can be reduced to the spin-flip part of Low’s equations for P-wave scattering. This reduction 
involves approximations which correspond to those underlying the direct derivation of Low’s equations. 

Under certain conditions the dispersion relations may hold approximately at low energies even if the 
causality condition is not valid in small but finite regions. This possibility is discussed briefly. 





INTRODUCTION 


XACT dispersion relations for pion-nucleon scat- 

tering have been derived so far only for the forward 
scattering amplitude.'~* In this paper we will discuss 
corresponding relations for a function S(w) which is 
the derivative of the spin-flip amplitude with respect 
to sind at zero angle.** One can also obtain dispersion 
relations for higher derivatives of both spin-flip and 
nonspin-flip amplitudes at )=0; these will be discussed 
in a following paper. 

We derive the dispersion relations on the basis of 
covariant field theory, but we do not need to make 
specific assumptions about the form of the interaction 
between pions and nucleons. The asymptotic condition 
for field operators is sufficient to find an expression for 
the scattering amplitude in terms of field operators and 
to exhibit the energy dependence of the function S(w). 
The essential tool for the derivation of the dispersion 
relations is the condition of microscopic causality which 
is assumed here in the following form: two measure- 
ments shall be independent of each other if they are 
performed at points which have a finite space-like 
separation. It is of course not certain that this principle 
holds in very small domains, but in order to find out 
whether this principle is valid we must study its con- 
sequences. The special form of the dispersion relations 
depends on the extent to which the causality condition 
is violated in infinitesimal space-like regions, because 
these regions are responsible for the high-frequency 
behavior of the amplitudes. Asa connecting link between 
dispersion relations and the causality principle, we use 
in this paper the Titchmarch theorems about Hilbert 


* This work was supported by a grant from the U. S. Atomic 
Energy Commission. 

1M. L. Goldberger, Phys. Rev. 99, 979 (1955). See also Gell- 
Mann, Goldberger, and Thirring, Phys. Rev. 95, 1612 (1954); in 
this paper the existence of dispersion relations for the derivatives 
of the scattering amplitude with respect to cos has been ted 

? Goldberger, Miyazaea, and Oehme, Phys. Rev. 99, 986 fi9ss ), 

*R. Karplus and M. A. Ruderman, Phys. Rev. 98, 771 (1955). 

** Calculations about this problem have been made inde- 
pendently by W. Thirring; private communication from M. L. 
Goldberger. 


transforms.‘ These theorem state, roughly speaking, 
that under certain boundedness conditions the vanish- 
ing of the Fourier transform Yt(£) of a complex function 
M (w) for £o<0 is necessary and sufficient for the relation 


1 +o = M(w’) 
M (w+ iv) =— f ——--—~dyy’ 


2ri J, w'—(wt+iv) 


to hold for »>O and for the existence of the limit 
M(w+iv)—>M(w) for »-0. In order to make use of 
these theorems, we use a function N(w) which is equal 
to S(w)/q® for w > (u=pion mass) and prove that the 
causality condition is sufficient and essentially also 
necessary for the vanishing of its Fourier transform 
MN(Eo) for negative values of f. Thus we obtain for 
N(w) a relation of the type 


1 + NV (w") 
N(w)= pf —dy', 
mt w'—w 


where P denotes the Cauchy principal value. This rela- 
tion has to be converted into equations involving dis- 
persive and absorptive parts of the physical amplitude. 
For the region of integration from —« to —y this is 
achieved by use of the invariance of the theory under 
charge conjugation ; the region from —y to + leads to 
a contribution resulting from the neutron as a possible 
intermediate state of the pion-proton system. 

In this paper we have restricted ourselves to pion- 
nucleon scattering, but the results can of course be 
generalized to other boson-fermion scattering processes. 


I. EXPRESSIONS FOR THE SPIN-FLIP AMPLITUDE 


The elastic scattering amplitude for pions on nucleons 
can be written as matrix in spin space in the form 


T (w,8,¢) = F(w, cosd)+iG(w, cosd)e-(qXk), (1) 


where q= m(w*—,")! is the momentum of the incoming 
pion and k= «(kg’—,*)! the momentum of the scattered 


‘E. C. Titchmarch, Fourier Integrals (Oxford University Press, 
Oxford, 1937), p. 119. 
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meson. We restrict ourselves in this paper to the 
laboratory system. By m and « we denote unit vectors 
in the corresponding directions. We have m-x=cosd 
and define in addition the unit vectors n and I by n sind 
=mX« and l=nXm. The functions F and G are 
matrices in isotopic spin space. We indicate by S,*, 
S,*, etc., the amplitudes corresponding to the reactions 
r*+ p—p+n* and 2+ p—p+f’ respectively. Through- 
out this paper we consider only the interaction due to 
nonelectromagnetic forces. The quantity which will be 
mainly discussed here is defined by 


S(w) = @’G(w) =lim!q! {k!G(w, cosd) ; (2) 
) 


for simplicity we call S(w) just the spin-flip amplitude. 
In order to express this function by the full scattering 
amplitude 7, we note that 


q| |k! G(w, cosd) = (1/21) Tr{e-nT(w,3,¢)}. 


Because G(w,cosd) and !k|=k(w,cosd) are even 


functions of 3 or {=sind, we find 


) 
o-n( T(w,0,¢) ; (3) 
dt t=0 


This expression will be useful in the derivation of the 
dispersion relations. 

We can describe the pion field by three linear Her- 
mitian operators ¢_(x) in Hilbert space. For our pur- 
poses it seems to be of some advantage to use the 
equivalent set 


1 
S(w)= -Tr 


2i 





s(x) = (b:(x) 2 igbs(x)}/V2, 0(x) =¢3(x). 


It has been shown by several authors’ that one can 
express the scattering amplitude T for charged pions on 
nucleons in the form 


Te! *(p;,k; pg) 


-ci f f arxarye Me! (O.—n")(Oy—2’) 
X (py! T(b4*(x),64(¥)) ~), (4) 


where | p,) and | p,) denote initial and final state of the 
proton with four-momentum 9; and p, respectively; 
the spin states are not indicated explicitly. The symbol 
T (¢*(x),@(y)) stands for the time-ordered product of 
the field operators and the coefficient C is unity in the 
laboratory system if we use Gaussian units for the 
meson field; all operators are in the Heisenberg repre- 
sentation. One obtains a corresponding equation for 
neutral pions. Equation (4) can be derived on the basis 
of the well known condition about the asymptotic 


* Lehmann, Symanzik, and Zimmerman, Nuovo cimento I, 
1 (1955); M. L. Goldberger, Phys. Rev. 97, 508 (1955); F. E. 
Low, Phys. Rev. 97, 1392 (1955); Y. Nambu, Phys. Rev. 98, 803 
(1955). 
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behavior of field operators. It states, physically speaking, 
that the particles of the interacting system behave 
essentially as free particles if one only waits a suff- 
ciently long time. This means that the particles tend to 
become far separated from each other and do not form 
stable bound states. For the elastic scattering processes 
we are dealing with, this seems to be a reasonable as- 
sumption. Mathematically the asymptotic condition is 
usually expressed in the form 


lim (x) =@in, out(X), 


nF @ 


where $i, and gout are creation and destruction 
operators for free physical particles. In the case of 
pions we have then (0 —y?)oin, out (x) =0. 

In addition to the asymptotic condition, we assume 
invariance of the theory under translations in time and 
space (this not necessarily), rotations in isotopic spin 
space, etc., and Lorentz invariance. The essential 
condition for the derivation of the dispersion relations 
is the principle of microscopic causality : operators cor- 
responding to physically measurable quantities shall 
commute at points which are separated by a finite 
space-like distance. Because all these operators are 
built up by field operators, this condition is satisfied if 
all boson field operators commute and all fermion field 
operators anticommute at space-like points. The 
causality condition is closely connected with Lorentz 
invariance, because it guarantees that the time ordered 
product in Eq. (4) does not depend on the choice of the 
time axis. 

We describe the interaction between pions and 
nucleons by a current operator j(x) so that 


(O—u*)o4 (x) = — jx(x), 


5 
(Cp ite(s) = — Jol). 8) 


These current operators are functionals of the boson 
field operators ¢(x) and the nucleon field operators 
v(x), ¥(x), and they will in general also contain deriva- 
tives of these quantities. For simplicity let us assume 
in the following that the currents do not depend on 
time derivatives of the pion field. The generalization 
of the discussions is straightforward. 

We perform now the differentiations in Eq. (4) and 
obtain, using translation invariance and Eqs. (5), 


+e 
7(w,0,¢)=i f dyoe-to f ayers 


«(pI TO), 59.99) 


dg 
-199| 70, —(v.9)] pi), (6) 
OY 
where 


(2x)3(ps— Prt+q—k)T"(w,0,¢) - T"( py k; Ping). 

















DISPERSION RELATIONS 


Here and in the following we omit the subscripts +* 
and x° wherever it is clear what has to be inserted for 
j and ¢ in order to obtain the special amplitudes. Fur- 
theremore we have in the laboratory system ~;= (0,M) 
and p= (p,po) = (q—k, M+w— ko), where 


bra (u?-+ Mw) cosd+ (w+ M)(M?—,? sin*d)! 
= |q|——_ ba RL La 
(w+ M)*— (w*— py?) cos*d 


and ko= (k*+ ")!. 

The spin-flip amplitude S(w) can be obtained from 
Eq. (6) by the prescription given in Eq. (3). Let us 
first discuss the term proportional to 6(yo) in Eq. (6). 
The causality condition demands that the commutator 


ag 
[ro af ¥0)| 
ov 


Yo 


vanish for y?>0. Therefore the matrix elements of this 
commutator can only lead to expressions of the form 


A"5(y)(p,po! O(y) |0,M) 
or 


gradA"5(y)(p,po| Oy) |0,M), 


where A is the three-dimensional Laplace operator and 
n=(, 1, ---. The term proportional to A"5(y) does not 
contribute to the spin flip amplitude S(w). This is 
evident for n=0, because in that case the matrix ele- 
ment cannot contain terms proportional to @; it 
depends only on the one polar vector p and must be 
invariant under rotations and space inversions. If n>0 
we find by use of Eq. (3) for the contributions to S(w): 


é 
faree Tr{o-nf -{.910(y) 0,4] jars) 
0g 


t—0 


= faery (q-y)A"5(y) 


=[A*{e*7(q- y) f(y*)} Jy -0=0. 


Those terms which contain gradA*S(y) lead to con- 
tributions to S(w) of the form g*¢**-C, where C is a 
constant. We will see later that the special form 
of the dispersion relations depends on the high-fre- 
quency behavior of the spin-flip amplitude. It turns 
out that the terms g’°g**-C either cannot occur at all 
because of the boundedness condition, or they drop 
out in the final dispersion relations. To avoid unneces- 
sary complications we will therefore neglect these 
terms in the following considerations. 

Let us assume now that the positive energy states of 
the interacting system form a complete set.* Then we 
can decompose the matrix element in Eq. (6) with 
respect to these states and find, using translation 


* Naturally we assume also that the one nucleon state is stable. 
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invariance, 
»Po| J*(0)| (0) |0,M) 
Meee- (P snl ) marian 
n.pa=q E,—M—w-—ie 
{p,Po| j(0) | mXn| 7*(0)| 0,41) 
+ = - . (7) 


8, Pak 


E,— potw-—ite 


The numerators are matrices in spin space and must be 
of the form 


EX (p,Po! 7* (0) | mn, Pny Ln asPnyen| §(0)|0,M) 
mr 
=a,+ib,o- (pXp,), 
X(P, Po! J (0) | mn, Paya Mn,PnyLn| j*(0)|0,M) 
mn 


(8) 


=a_+ib_e:(pXp.), 


where a,, 6,, a_, and b_ are functions of (p-p,), Po, px’, 
and E,. Sm, denotes the sum over all remaining 
quantum numbers of an intermediate state with fixed 
energy E, and momentum p,. Inserting Eq. (8) into 
Eq. (7), we obtain 


T (w,3,¢) 
ay (q’,q: k, po; E,) +46, (q'°,q-k,po; E,)e: (qXk) 


En E,—M—w—ite 
a_(q’,q-k, po; E,.)—ib_(q’,q-k, po; E.)o- (qX<k) 
hoon om hates anes. voe | TF 
E,- Po +w— i€ 


Here the quantities a, and b,, as well as the energy po 
of the recoiling nucleon, are even functions of = sind. 
Thus, using Eq. (3) and the relation (dk! £),.o= | q|b, 
we find for the spin-flip amplitude 


b,(q’,E,) b_(q’,E,) 
S(w)=q? > { —————- —~— —-}, 
Enlil E,—M—w-ie E,—-M+w-ie 


(10) 


Il, ANALYTIC CONTINUATION 


The spin-flip amplitude S(w) is a priori only defined 
on the real axis and for w>y. In order to derive dis- 
persion relations we want to continue this function 
analytically into the upper half-plane. More speci- 
fically, it is our aim to find a function N(A) = N (w+ iv) 
such that 


(a) N(w+iv) is analytic for »>0, 
2 
(b) the Lesbesgue integral f dw| N(w+iv)|* exists 


and is bounded for »>0, (A) 


(c) limN (wt+iv) —+ G(w)=S(w)/q@ for w>yp. 
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It has been shown by Titchmarch‘ that the conditions 
(a) and (6) are necessary and sufficient for the relation 


1 = =6N(w’) 
N (o+iv) =— f - diy’ (11) 
2ri J, ww’ — (wt+iv) 


to hold for »>0 and for the existence of the limit 


Ni(wt+iv)— N(w) for »—-0 (11a) 


almost everywhere, i.e., except possibly for a set of 
measure zero. Performing this limit in Eq. (11), we 
find that the conditions (A) are necessary and suf- 
ficient for the relation 


1 +e N(w’) 
V(w)= ef dus 12) 
rl w’- Ww 


* 


to hold almost everywhere.’ 

Direct continuation of S(w) by use of Eq. (10) does 
certainly not lead to an analytic function in the upper 
half-plane, because the second term introduces poles 
slightly above the real axis. But these poles can occur 
only for w<y because there are no states of the pion 
nucleon system with E,<M-—y. The lowest inter- 
mediate state is a neutron at rest so that we have 
always E, >My. The quantity —ie in the denominator 
of the second term in Eq. (10) is therefore irrelevant 
for the physical region w >y. We use this freedom by 
changing —ie into +ie and continue instead of G(w) 
the function 
video b_(q’,E,) | 


w) 


es 
Ew 


6,(q,"E,) 
| (13) 
I 


ba M—w-ie E,—M+wrt+ie 
into the upper half-plane. This function coincides with 


G(w) in the physical region w>yu. Writing V(w) as a 
Fourier integral corresponding to Eqs. (3) and (6), 


we find 
1 a 
f dyon| — Voje to f ary ay 
@ 


0 | 
vn( (P,Po [ 7*(0), (y,9 ) | 0M ) 


dé 


V(w)> 


x4Tr 


Here »(— yo) is the step function and defined by 


0 for yo>0 


n(— 0) = 


1 for yo<0. 


Because of the appearance of the commutator and the 
step function, the space-time integration in Eq. (14) 
extends only over the region inside and on the past 
light cone, provided the causality condition holds. We 


? This function N (w) corresponds to the function M(w) which 
Goldberger uses in the case of the forward scattering amplitude 
(see reference 1) 
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assume in the following that these space and time 
integrations exist and that they are bounded. For finite 
w their existence is guaranteed if the matrix element 
of the commutator is sufficiently well behaved and 
bounded at time-like points y’— yo?<0, which is cer- 
tainly the case for physically reasonable interactions. 
The high-frequency behavior of N(w) depends on the 
matrix elements at the light cone, which may have 
there singularities of the form 6(y’—yo*) or even 
derivatives thereof. The causality condition demands 
that the commutator [j*(0), j(y,yo)] vanishes for 
every finite space like distance y*— yo?>0, and therefore 
only derivatives of finite order can occur. These sin- 
gularities at the light cone correspond to violations of 
causality in infinitesimal regions. The order of the pole 
of N(w) at infinity depends on the order of derivatives 
of 6(y’— yo") occurring at the light cone, which in turn 
is determined by the properties of the interaction. There 
may of course occur cancellations due to terms like 
that involving 6(yo) in Eq. (6). 

Let us first assume that the interaction is such that 
N(w) is ?(— ©, +), ie., that V is Lesbesgue square- 
integrable from —* to +. In this case we can use 
another theorem of Tichmarch‘ which states that the 
vanishing of the Fourier transform 


ne)= f dwe~*#FV (w) (15) 


for <0 is necessary and sufficient for the conditions 
(A) to hold. In order to prove that Jt(£))=0 for &o<0 
we start from the representation of NV(w) given in Eq. 
(14). The matrix element of the commutator can be 
written as matrix in spin space in the form 


(P, Po [7*(0),3( y,¥o) | 0,M) 
=A(y*— yo’, yo; PY, Po) 


+iB(y’— yo, yo; p-y, polo: (pXy). (16) 


Because of p(f=0)=0 and po({=0)=M, we find for 
the derivative with respect to — at §=0: 


0 
( ‘5 ~(p,Po [7}(O),7(y,¥0)* i 0,M)) 
dg 


0 


= |q|iB(y*— ye’, yo;0,M)Xe-(yxl), (17) 


where B(y*— yo", yo) retains the property of the com- 
mutator to vanish for space-like points y’— yo’>0. 
Insertion of Eq. (17) into Eq. (14) yields 


oo 


i 
N(w)= -f dyan(— yo)e wm f ayer 
q /_. 


< B(y*— ye, yo)(y-q). (18) 


Here we can perform the angle integrations and find, 
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making use of the causality condition, 


bad yo 
N(w)= amt f dyaion f y'dyB(y*— yo*, — yo) 


XJi(y(w*—v"))/Ly on"), (19) 
where y=/y!. To calculate the Fourier transform 
MN (Eo), we may use either Eq. (18) or Eq. (19) and inter- 
change the w integration with the space-time integra- 
tions. This interchange is certainly permitted because 
N(w) has been assumed to be L*(—”, +). By use 
of Eq. (19), we obtain 


= yo 
MN(Eo) = nf tye f v'dyB(y’— yo, — yo) 


+00 Jy (y(w?—*)!) 
xf dwe* ‘ve fo) ne 


—s 


(20) 


The w integration can be performed by using, for 
instance, the Laplace transformation, 

oo e+ia 

= 5 ix 


t’ exp(t—2?/4/)di, c>0, 


and yields 


= J, (y(w?—y*)5) 
J dwe'* ‘vo-ko - 


by Cy(w*—p?)!}! 


0 for yvo— to >Yy; 
(21) 

(2x)! 
Cv) il (oe B07) 
py 

; for yo fo! <y. 
If yo>0 and &<0 the integral (21) is zero for yo>y 
and therefore it vanishes just for the whole region of 
the space and time integrations in Eq. (20). Thus we 
have N()=0 for <0; the causality condition is 
sufficient for the statements (A) to hold and conse- 
quently for the validity of the dispersion relation (12). 
We cannot prove directly that it is necessary because 
this depends on the specific behavior of the function 
B(y— ye, — yo) for ¥— y?>0. But suppose B does not 
vanish in a space-like region of nonzero measure. In 
this case we have for {<0 


Neo) = (any f dyo ydyB(y’— yo, — yo) 
0 


vo~to 


x i/uly— (yo fo)? J; (inl y’— (vo fo)? }*), (22) 


and it is difficult to believe that one find a physically 
reasonable function B such that the integral (22) 
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vanishes for all <0. In this sense we say that the 
causality condition is also necessary for the vanishing 
of the Fourier transform of N (w) for negative fo. If the 
behavior of the function B at spacelike points should 
be such that Jt(>)=0 for << —a, where a is a positive 
constant, then V(w) is still the limit as »-0+ of an 
analytic function N(w+iv), but we have instead of 
(Ab)*: 


f |N(w+iv) |*dw=O(e*") for v2. (23) 


—a 


In fact the condition R(E>)=0 for f)<—<a is necessary 
and sufficient for N(w+iv) to have an essential singu- 
larity at infinity. Under these circumstances the dis- 
persion relation (12) holds for the functions e'**N (w) 
where a >a: 


1 +20 e'@#' NV (w") 
cae (o)=—P f PY bot 


ep w’—w 


(23a) 


So far we have restricted our discussion to functions 
N(w) which are L?(— #, +). Actually the connection 
between the validity of the conditions (A) [and con- 
sequently of the dispersion relation (12)] and the 
vanishing of the Fourier transform is more general. Of 
course the function N(w) must be sufficiently bounded 
to guarantee the convergence of the integral in Eq. (12). 

Let us suppose now that the interaction is such that 
N(w) is not sufficiently bounded for w+*. Then we 
can go through the same considerations as given above 
if we use a function 


kK 
K(w)=N(w) / [] (w—wn), 


(24) 


with Imw,<0, provided we have supplied sufficient 
powers of w in the denominator. In the following we will 
consider only the case that 


K2(w) = N(w)/ (w—w1) (w— ws) 


is L?(—#, +). Instead of Eq. (12) we obtain the 
dispersion relation 


N(w’) a) 
t . 


(24a) 


V(w) i +o 
(w—w:)(w—w2) ai F_. (w’—w)(w’—w;)(w’—wy) 


Again here the square integrability could be too strong 
a condition and it may be sufficient to assume that the 
integral in Eq. (24a) exists. 


Ill. THE PHYSICAL DISPERSION RELATIONS 


The dispersion relations (12) and (24a) involve the 
function N(w) on the whole real axis, whereas a priori 
it has a physical meaning only for w>y. Invariance 
of the theory under charge conjugation will enable us 
to interpret N(w) for w<—y by physically meaningful 
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quantities. The region |w! <j, will yield a “bound state 
contribution” containing an undetermined constant 
which can be related to the coupling constant of the 
Chew-Low theory.* This constant is therefore essen- 
tially a measure for the strength of the P-wave pion- 
nucleon interaction. 

By use of Eq. (13) we divide N(w) into a dispersive 
and an absorptive part: 


N (w) = D(w)+1A (w). (25) 


b,(q’,E,) 


Lp, p 


hin 


(28) 


+A, Ww). 


For neutral mesons we have to replace the current 
operators j(0) and 7*(0) in Eq. (27) by the Hermitian 


operator jo(0)=j;(0) and it can be easily shown that 


we obtain in this case 6, =b.=b». Thus we find for 


neutral pions the symmetry relations 


Dy(—w)=—D,(w), Ae(—w)=+Ar*w). (28a) 


It is clear that the relations (28) and (28a) are intrin- 


sically a consequence of the invariance of the theory 
under charge conjugation.’ The functions },, b_, and bo 
and therefore also the dispersive and the absorptive 


part are real functions. This will be shown in the 


appendix 
From Eq. (28) we see that the dispersive and ab- 


sorptive parts of the combinations 4(.V,+(w)+N,-(w)) 


are even or odd functions of w. Therefore we write for 
charged pions instead of Eq. (12 


and by use of the Eqs. (25), (28), and (28a), this leads 

*G. F. Chew and F. E 
High Energy Physics, 1955 
York, 1955 

* We might mention that invariance under charge conjugation 
also yields S,_* ,(w)=S,_",jp;(@), where S,, jp; is the spin flip 
amplitude for the process #*+antiproton—>r*+antiproton. (We 
use the notation [¢] for antiproton.) Therefore we can write 
instead of Eqs. (28 


Low, Fifth Rochester Conference on 
Interscience Publishers, Inc., New 


De* >» w)= — D,* pile), 
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For charged mesons D and A are given by 
b.(q’,E,) 
D,+(«)=>1P———_——_—P- 
Ext E,—M—w E,—M+w 
A,+(w) =n > (b.(@’,E,)5(E,— M—w) 
En 
+6=(q°,E,)5(E,—M+w)}, 


where the numerators can be defined according to Eqs. 
(3) and (8) by 


Lp, po! 7*(0)| ma, Pa=Q, EnXmn, Pa=Q, Eq! j(0)|0, | , 
ma §=—0 


(27) 


j(0)| m,, pa= —k, E,m,, pa= —k, E,| 7*(0)|0, | . 
f= 


to the relations 
1 D,+(w)+D,-(w)} +4i{ A e*(w) +A,-(o)) 


“HAW +A. (w’)) 
des 


@*-a” 


dw, 
to ° 


2i “4{D,+(w’)+D,-(w’)}o’ 
pf 
rT 0 wo*—-W 


4{D,+(w)—D, (w)} +4i{A,+(w)—A, (w)} 


, 


© 4(4,+(w')—A,-(w’) Jw 
’ 
P da: 
0 w?—w* 


2tw - 4{ D,+(w')—D, (w’)} 
BOM unten 


r 


D,*(w)+iAe*(w) 


2w r= A,*(w’) ‘ 
_— P| 4d’ 
rT » =e 


These relations involve only integrations over positive 
values of w. We can split every one of the Eqs. (30) 
into two separate relations, one for the even and one 
for the odd part. Thus we obtain relations which express 
dispersive parts by integrals involving absorptive 
parts and vice versa. In the remainder of this paper we 
will be interested only in the first-mentioned formulas, 
which resemble the well-known Kramers-Kronig dis- 
persion relations for the forward scattering amplitude. 

It remains to discuss the region 0<w<y, where the 
pion nucleon system has an intermediate state cor- 
responding to a single neutron. Because of charge 
conservation only the matrix elements (p,po!| 7, (0) | =) 
and (n| j_(0) 0,M) in Eqs. (27) are different from zero 
in this case. Therefore 6, (neutron) vanishes for charged 
pions. If we equate neutron and proton mass, we obtain 





DISPERSION 


from Eq. (27) 
b_(neutron) = b_(q*, E,= (q?+M”")!), 


because in this case conservation of momentum demands 
that E,= (p,.?+M?)!= (k°+ M*)! and for §=0 we have 
k(=0)=q. Furthermore conservation of energy yields 
q’= —p?+ (u?/2M)* and consequently 


E,—M=— ,'/2M. 


Thus we obtain for the absorptive parts in the energy 
region 0<w<uy: 


A,*(w) = 97b_(u,M)b(w—p?/2M), Az-(w)=0, (31) 


and the corresponding considerations for neutral mesons 
lead to 


A _(w) = 29bo(u,M)b(w—p?/2M), (31a) 


where we have 2b)= b_ because of charge independence. 
If we now introduce Eqs. (31) and (31a) into Eqs. (30), 
we find the physical dispersion relations for the forward 
spin-flip amplitude S(w) divided by q’: 


2w © 3({A,+(w’)+A,-Ww’)} 
_ pf aad : ———-¢] 


aw 


" » 
gy > — a 
Tr a Ww Ww 


w 1 


w?—(y2/2M)? wt 
${D,*(w)—D,-(w)} 


2w * 4,*(w’) 
D,(#)=— f din’ + ~l’, 
r w"?—w* w*— (p?/2M)? p? 


— 
here we have introduced the constant 
T,=—w’b_(u,M). 


We will show now that for pseudoscalar mesons 
this constant must be positive. Let |p,,£,) denote 
a free neutron state and |p,fo) a free proton state 
(positive energy). Because of the invariance of the 
theory under Lorentz transformations the matrix 
element of the pseudoscalar operator j_(0) must be of 
the form 


(pa,Ln| 7-(0) | p,po) = U(pn)H_( Py, Pnv)@(p) 
= U(pa)(yhtittveys(Pas— Padhe 


+ 187 n( Past PpdAat t¥8(%sYe— Vn) PauP Aa} u(p), (33) 
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where the quantities 4, are invariant functions of Payp,, 
Pus’, P.*, and where u(p), @(p,) are solutions of the free 
Dirac equation for positive energy. Calculating the 
matrix elements of the y operators in Eq. (33) we find 
that (p.,£,! j_(0)| p,po) can be written: 


(pn,Z.| j-(0)| p,po)=iv2e(p.’,p’.p: Pp», LZ», Po) 


1 
X——e-[pa(Pot+M)—p(E.+M))}. (33a) 
(2M)? 


If we now insert Eq. (33a) into Eq. (27) for b_(q,E,) 
and perform the differentiation and the trace we obtain 
with q?= —y?+ (u?/2M)*: 


2 


2u 
— u*b_(u,M)=— a 
(2M)? | 


r,= | eq’, 0, 0, (q?-+M*)!, M |? 


M+(q?~M*)! 
x - 
2M 


(33b) 
ga —p+ (ut/2M)* 
2u? 


¢|°C1—(u/2M)*]=2°01— (u/2M)*]. 


(2M) 


The constant f* can be interpreted directly as the 
coupling constant of the Chew-Low theory and there- 
fore is of the order 0.08.° 

The coefficient appearing in the bound state con- 
tributions to the dispersion relations for the forward 
scattering amplitude® can be defined by 


uw 
y= {— Tr(O, M| 7_*(0)'p.=q, E,) 
2q° 


(Pa= q, E. j- (0) 0, M) 7 


q@ = — py? + (t/2M)* 


(34) 


and this gives by use of Eq. (33a) 


~M 


ry= g(q’, 0, O, (q?+M*)!, M) | 2q2 = — 2-4 (ut/2My" 


(2M)' 


== 2 f?. (34a) 
Thus we have for pseudoscalar mesons I',=I'y if we 
neglect in Eq. (33b) the term (u/2M)* against one; we 
conclude that there appear essentially the same coef- 
ficients in the bound state terms of the dispersion rela- 
tions for the spin flip amplitude and in the corresponding 
terms of the dispersion relations for the forward scat- 
tering amplitude. 

In case N(w) is not sufficiently bounded for Eq. (12) 
to be valid we have to rely on dispersion relations of 
the type given in Eq. (24a). In order to reduce this 
formula to physical dispersion relations we choose 
w1= wo ie and we —wo— ie, where wo >y and e>0 isa 
small real constant which finally shall go to zero. By 
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use of the relation 


we can write Eq. (24a) in the form 


V (w)—4.V (wo) 4 \ —wo)} — 


From Eq 


tions using the same considerations which led to Eq. 


(32). We find 


HD (w)+" 


If Eqs. (32 
correct, but the reverse is not true 


are valid, then Eqs. (35) are certainly 


IV. DISCUSSION AND CONNECTION WITH LOW’S 
EQUATIONS 


By adding and subtracting the first two relations of 
Eq. (32) we can obtain dispersicn relations for the 


REINHARD 


35) we can obtain physical dispersion rela- 


OEHME 


individual amplitudes D,+ and D,-. If we use instead 
of G(w) the forward spin-flip amplitude S(w) and write 


S,+(w) =@G,*(w) = D,* (w)+iA.*"(w), (37) 
we find the dispersion relations 


w— p? - dd tA," 
D,*(w)=— rf “” | 
© wo? — py? ) 


a 


(w’) 


A,-“ (w’) | 


w’+w 


w— pw? = dw 
—'lw)= pf - 
to 
Ww 


- 


, 


1 ww,’ 
+2f? ; 
uw? wtp?/2M 


In these formulas we have written the bound state 
term with the coefficient f*, which can be identified 
with the coupling constant of Chew and Low. Note that 
Eqs. (38) are written in the laboratory system. 

In the center-of-mass system the spin-flip amplitudes 
S,*(w) can be easily expressed in terms of phase shifts. 
We have 

« I(l+1) 
S,*(w)=S;(w) = 2, 
i=1 2 


{a's 2141(w)— a's 21-1 (w)}, 


S,-(w)= 4{Sy(w)+25;(w)} 


« I(l+1) 
. 1 


, l I 
5S §(@'s 2141(w)— a's 21 
) 2 


1(w) 


+ 2a") 2141(w)— 2a"; 21-1(w)} 

where S, and S, denote the amplitudes for isotopic spin 
} and } respectively. The quantities a',, »;(w) are defined 
in terms of phase shifts by “ 


sind, ;/(w) exp[14,,/(w) ] W?(w) 
Oar, 2)\@) = ha es, 


M* 


(40) 


where W (w) = (M?+ 42+ 2Mw)!: as before w is the total 
energy of the incoming pion in the laboratory system. 
At higher energies the phase shifts are of course complex 
because of the additional channels describing pion 
production, nucleon pair production, etc. In order to 
obtain from the dispersion relations (38) approximate 
equations for very low energies which involve only P 
waves, we make the following assumptions: 

(1) We can neglect all inelastic process; (2) We can 
neglect all contributions from phase shifts with />1. 
(3) We can neglect the recoil of the proton (M—«). 
Under these restrictions the phase shifts become real, 





DISPERSION RELATIONS 


and we obtain the approximate relations: 
eur — sin2a3; (w)} ° W?(w)/ M 





w’—w 


. Sef | da’ { sin?a33(w’)—sin*as:(w’) sin*a33(w’)— sin*as;(w’)-+2 sin*’ar3(w’)— 2 sin*ar:(w’) W?(w") ¢ 


+2fr—, (41) 
3(w'-+u) os 


ite rapag ts sin2ai3(w)— 2 sin2a.;(w)} -W?(w)/M* 


3c" ‘ata 


f= bie 


where g= (w*—y")!. These are essentially the spin-flip 
parts of Low’s equations.” The nonspin-flip parts can 
be obtained directly from the dispersion relations for the 
derivative of the nonspin flip amplitude F(a, cos#) 
[see Eq. (1)] with respect to cos? at zero angle," 
provided we make the corresponding approximations. 
Thus we obtain four approximare relations for the four 
P-wave amplitudes, and by addition and subtraction 
we can find four relations for the individual amplitudes 
which are the same as Eas. (3.11) of reference 10 if we set 
@313=a;; and W/M=1. The imaginary parts of Low’s 
equations are of course identities. We conclude that, 
apart from the approximations stated above, the Low 
equations are a consequence of the general assumptions 
leading to the exact dispersion relations. They are cer- 
tainly approximate equations, because there do not exist 
exact dispersion relations for amplitudes corresponding 
to individual angular momenta." If we make the ap- 
proximations (1), (2), and (3) in the dispersion relations 
for the forward scattering amplitude we obtain equa- 
tions involving S and P waves.’ The P-wave parts are 
essentially the nonspin-flip parts of Low’s equations 
which have been obtained separately from the dispersion 
relations for [0F (w, cosd)/d cosd |x. Thus we find by 
subtraction approximate equations for S waves only, 
but the inhomogeneous terms of these relations contain 
the two zero energy scattering lengths." 

Let us finally discuss the possibility that the condition 
of microscopic causality is not valid in very small but 
finite spacelike regions. Suppose the ‘commutator 
[ 7*(0),7(y,¥o) ] vanishes only if y?— yo?>J, where Ip is 
a finite length. In this case we have according to Eq. 
(22) 


mM (Eo) =() for fox ~~ lo, 


and, if N(w) is sufficiently bounded on the real axis, 
and relation (23a) holds with a>TJ». Splitting N(w) as 
before into a dispersive and an absorptive part we 


sin* "aa (w" )—sin’ *ase(w +2 sin Fania wo") — 2 sin‘ (a! ) 


W *(w') ww 


of j- 
Me ¢ 


iia 


sin‘ass(w’ )—sin ‘ani(w ’) |.- 


obtain for neutral mesons, instead of the dispersion 
relations (30): 


D,*(w) coslyw— A *(w) sink 


dw p, {Ast(w’) conles’+D1(w') sinlas’} 
- pf PYF nadie Linoensvet 8 
0 


, 
7 pa 


(42) 
A,*(w) coslyo+D,+(w) sinlaw 


2 = w'{D,(w’) cost’ - A et(w ) sino’ ) 
=— ef du’— 
0 


" ’ 


Tr w?—w* 


and corresponding equations for charged pions. We see 
that the first of the Eqs. (42) reduces approximately to 
the usual dispersion relation if lo and w({ >) are such 
that wly<1, and if the functions A (w) and D(w) decrease 
fast enough with increasing energy to allow the approxi- 
mate replacement of coslw by one and sinlw by zero 
inside the integral. Even for very low energies these 
approximations are certainly not possible if Jy is of the 
order of the pion Compton wavelength. Therefore we 
cannot expect the dispersion relations to be approxi- 
mately correct if the dimensions of the acausal region 
are of the order of 10-" cm. 

In the above discussion we have restricted ourselves 
to the spin flip amplitude, but the corresponding con- 
siderations can be made for the forward-scattering 
amplitude. In this case we know that the dispersion 
relations are in fairly good agreement with experiments 
up to about 200 Mev in the laboratory system.” We 
may conclude therefore that, if acausal domains exist 
at all, one should expect that their dimensions are 
small compared to the Compton wavelength of the pion. 
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APPENDIX 


In this appendix we will show that dispersive and absorptive parts of the amplitude NV (w), which were defined in 
Eqs. (25) and (26), are real functions of w. More generally we prove the corresponding statement for the function 


1 +o 
N (wd) = _f dyaa(—yoerem f dye Xd LD ((o-m)m.mi(¥ (p,po; ms’) |[ 7" (0), i(¥,90) ]|¥(0,M ; m,))}, (Al) 


, 
Mig, Mis 


Gr“ —« 
* F. E. Low, Phys. Rev. 97, 1392 (1955). 


4 This problem will be discussed in a forthcoming paper. The dispersion relations for the derivatives of F (w, cosd) can be only de- 


rived under neglect of recoil. 
= hntumnn, Sanbden, and Kruse, Phys. Rev. 100, 339 (1955). 
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which is equal to G(w, cosd) sind for w >. If we write 9(—yo)=4[1—e(yo) ] and 
N (@,8) = D(e,8)+1A (@,0), (A2) 


then the dispersive part D and the absorptive part A are given by Eq. (Al) with n(— yo) replaced by — }e(yo) 
and —}i respectively. For the complex conjugate of N(w,#) we find, using invariance under space inversions, 


L {(o-n)m,’m(¥*(—p,po; m.’)|(j"(0), 7(y, — yo) ]*|¥*(0,M; m.)); (A3) 


Ms, Me 


note that we distinguish here explicitly between Hermitian conjugation (f) and complex conjugation (*). Now we 
invoke the invariance of the theory under time reversal or inversion of motion. In order to define this transforma- 
tion, we follow S. Watanabe” and introduce a unitary operator ® such that 

f 


Q(x, —xe)=pr(R"O(x,x0)R)7, 


where ( represents operators corresponding to physically measurable quantities and pz is a sign function. State 
vectors transform according to 


Vi =Qry*: (A4) 


here ¥’ represents the state of inversed motion corresponding to ¥. 


For the boson current operators j appearing in Eq. (A3), we find,” with an arbitrary phase factor e*, 
OVR)T =e" 7"(0), (R 1a" ¥, vo) R)™ e *i(y¥, — Vo). 
an write by use of Eq. (A5) and the relation R7’R“*=1: 
(0), ily, —9 RTT 7" (0), 7 (¥,¥0) JR. 
A3) yields by use of Eq. (A4) 


a 


f 1 1+<«(vo) le om f ayes y 


© 


KE SY ((o-n)m,’ mY! (—p, po; m,’)| j*(0), 7(y,y0) || ¥7(0,M ; m,)). 


Ms. Me 
In order to perform the time inversion of the free single nucleon states ¥, we write 
V (p,po; m.)=g' (p,m, )Qyae, (A8) 
where g'(p,m,) is the corresponding creation operator which transforms like” 
(R“g(p, +4) R)T=e'*g"(—p, —4), (R'g(p, —3)R)™ = —e**g"(—p, (A9) 
From Eq. (A9) we find for the motion inversed state 
V'(p,po; m Ro gT (p.m, )Qvac® ~e —Dp, Po; (A10) 


A7) yields finally 


b(—1—e je" fave y 


X44 SY ((e-n)m,’ mA (p, Porm.) |[7"(0),7(y,v0) ]|¥(0,M; m,’)), (A11) 


because the trace involves only off-diagonal matrix elements of the commutator in spin space. By comparison with 
Eq. (Al), we find that D(w,8) and A (w,#) are real functions. 


aS Watanabe, Revs. Modern Phys. 27, 40 (1955); see also G. Liiders, Z. Physik 133, 325 (1952), and Kgl. Danske Videnskab 
Selskab, Mat-fys. Medd. 28, No. 5 (1954), F. Coester, Phys. Rev. 89, 619 (1955); these papers contain further references. 
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The Hamiltonian forms of the spin-zero and spin-one wave equations are obtained simultaneously by 
starting from the Duffin-Kemmer form of the equations using only algebraic properties of the 8 matrices. 
From the mode of derivation, the Hamiltonian forms for all integral-spin equations of the Dirac-Fierz- 


Pauli type follow immediately. 





L INTRODUCTION 
ECENTLY'* it has been shown that both the 


vector and scalar wave equations can be put in 
the Hamiltonian form 


idV/di= HY, (1) 
where 


H=§-P+xi,, (2) 
and the wave function is subject to the initial condition 
(HB8,—x)¥ =0. (3) 


The 8, form a 10- or 5-dimensional representation of the 
Duffin-Kemmer algebra depending on whether it is the 
vector or scalar equation that is being considered. 

The deductions of Eq. (1) were obtained starting 
from special representations of the §,. However, since 
it is seen to hold for both irreducible representations it 
would seem that it must be possible to obtain this form 
using only algebraic properties of the 8,. This is done 
below. The present method has the advantages of 
handling spin 0 and 1 simultaneously, of being shorter, 
and of making the proofs of the properties of the 8, in 
Eq. (2) almost trivial. Lastly this present method can 
be carried over to obtain the Hamiltonian form for all 
integral-spin equations of the Dirac-Fierz-Pauli® type. 


Il. SPIN ZERO AND ONE 


For simplicity we restrict ourselves to field-free 
equations. The Duffin-Kemmer* equations are 


(8,0,+«)¥=0. (4) 
Here the 8, satisfy the relations 
B,.88,+8 8 Byp=58,+5,fp- (5) 


If we put 
= —i8, (6) 


* This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

t Permanent address: Physics Department, University of 
Michigan, Ann Arbor, Michigan. 

! E. Schrédinger, Proc. Roy. Soc. (London) A229, 39 (1955) 

2K. M. Case, Phys. Rev. 99, 1572 (1955). 

*P. A. M. Dirac, Proc. Roy. Soc. (London) A155, 447 (1936); 
M. Fierz, Helv. Phys. Acta 12, 3 (1938); M. Fierz and W. Pauli, 
Proc. Roy. Soc. (London) A173, 211 (1939). Hereafter this will 
be abbreviated as D-F-P. 

*N. Kemmer, Proc. Roy. Soc. (London) A173, 91 (1939). 


and separate the term involving 84, Eq. (4) becomes 
iB. = (B-8+«)¥. (7) 


Multiplying Eq. (7) first by 8, and second by (1—8,) 
and using Eq. (A1), we obtain the two equations 


10 BEV = 8,4(8-8+-«)¥, (8) 
and 


(1-87) = —[(1—8#)/« }(G-@)¥. (9) 


It is seen that only the time derivative of 8¢W is de- 
termined by the equations. The components (1—87)¥ 
are given in terms of these by means of the supple- 
mentary condition (9). However, if we take the time 
derivative of Eq. (9) and use this as one of our equations 
along with Eq. (8), we need merely require that Eq. 
(9) hold as an initial condition. It will then hold at all 
later times as a consequence of the equations of motion. 
Thus Eq. (4) can be replaced by the Eqs. (8) and 


id (1-8 ¢)¥ = —[(1—B)/« ](B-8)id Ww. (10) 


/ 


Admissible solutions are subject to the initial condition 
of Eq. (9). 

Equation (10) can be simplified by writing ¥ on the 
right as 

¥=8V+ (1—B2)¥. (11) 

Using Eq. (A2), we see that the second term in (11) 
does not contribute to the right-hand side of (10) which 
is then 


id (1-8 ¢)¥ = —[(1—B?)/« ](G-8)id BAW. (12) 


The time derivative of B@W may be eliminated from 
(12) by using Eq. (8). Hence we obtain 


id, (1—B2)¥ = —[(1—B2)/x ](G-8)B4(B-O+«)¥. (13) 


Equation (A3) shows the term second order in spatial 
derivatives in (13) vanishes. This then becomes 


10. (1—B2)¥ = — (1-87) 8 OB. 
Adding (8) and (14) we obtain 


(14) 


idV/di= HY, (15) 


where 
H=@'-P+-84'x. (16) 
Here 


= (0, Bi =, (17) 
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B,’= —i(1—B82)B.8.t+iBhi, (k=1,2,3). (18) 


Using (A1) Eq. (18) can be simplified to 


By’ =i(8.8.—B88,), (k=1, 2, 3). (19) 


Thus the Duffin-Kemmer equation (4) has been put 
into the Hamiltonian form of Eq. (1) and (2). It is 
readily verified that the initial condition eq. (9) is just 
Eq. (3) with the H given by (16). 

We must still, however, show that the 8,’ satisfy the 
algebraic relations (5). This is readily done by exhibiting 
a similarity transformation expressing the 8,’ in terms 
of the 8,. Such a transformation is 


6,’ =SB,S (u=1, 2, 3, 4) (20) 


where 


1 B+ 134). (21 


We note that if the matrices 8, are chosen Hermitian, 
the matrix S is unitary and hence the §,’ are also 
Hermitian 
The situation is remarkably similar to that occurring 
in the case of the Dirac equation. Here we can pass from 
the covariant form, 
(y,d,+«)¥=0, (22 


to the Hamiltonian form 


10V / d= {y'-P t yi}, (23 


by multiplying by ys. (Here we have denoted the con- 


ventional a stress the 


The 7 


matrices by (y’,y,') to 


- 


are then given by 


analogy 


17a 


(19a) 


These y,’ are related to the y, by the similarity trans- 


formation 
Yp Sy, . es - (20a) 
where 
S= eit 4 (14+4y,)/v2, (21a) 
and hence satisfy the same anticommutation relations 
5 a“ 
e°* 


ast 
Ill. HIGHER INTEGRAL SPINS 


It has been shown by Moldauer® that the integral 
spin equations describing spin & of the D-F-P type can 
be written in the form 


(8,0, + «Wary we = 0, 24 


*P. A. Moldauer 


unpublished 


Ph.D. thesis, University of Michigan, 1955 


CASE 


where the function ¥ is subject to the subsidiary con- 
dition 


BUY m2 (25) 


Here the 8 matrices satisfy the relations (5) and act on 
a suppressed index. ¥ is symmetric and traceless in the 
indicated tensor indices. Following precisely the same 
procedure as in Sec. II, we obtain the Hamiltonian form 
of these equations: 


10V 


He—1 =0. 


a2/0t= (BO n--s (26) 
with 


H=8'-P+8,'x. 27) 


The admissible solutions are subject to the initial 
condition 


(HB gf —«)Vu; Be :=0, (28) 


and the supplementary condition (25). This last can be 
expressed in terms of the 6’ by multiplying by S. Thus 


O= SB,V me ke—1 


Be—~—| = SB aa iSw vp? 
(29) 
0=8,'’SWV us Bk 


where S is given by Eq. (21). 
APPENDIX 


Some special consequences of the relations (5) that 
are used are: 

(84)? =B,, (Al) 

(A2) 


(A3) 


(1—82)8-0(1—82) =0, 
§-08,3-d=0. 


One obtains (A1) by putting .=»=p=4 in Eq. (3). 
To prove the remaining relations, we will let Latin 
letters denote indices which run only from one to three. 
The identity 

{ 1 = Bé \B, 1 — BZ) == B;- (8,78; ws BB? } +828 82 (A4) 
becomes, on using (A1) and the relation 

878, +88¢ =8; (AS) 
(obtained by putting 4=»=4, p=i in Eq. (5) ], 
\ 1 — 82 B; 1 —B¢ =(), 


Multiplying by 0; and summing yields (A2). Putting 
u=i, v=4, p=k in (5) gives 
B88.4+888,=9. (A7) 


Multiplying by 0,0, and summing yields (A3). 
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For the S, P, and D states (except those with j= T=1/2), phase shifts and wave functions have been 
calculated numerically for pion energies up to about 1 Bev, on the basis of the simplest Tamm-Dancoff 
integral equation for pseudoscalar pion theory both (a) including and (b) omitting the pair transitions. In 
the numerical treatment, special attention was paid to the various singularities of these integral equations. 
For the (3,3) state, a very sharp resonance is obtained for case (a) with G?/4r=15.5 and a good fit to the 
(3,3) phase shift for energies up to 300 Mev, above which the phase shift lies below the experimental value. 
For case (b), a coupling constant G*/4r= 30 was needed for a fit to the low energy (3,3) phase shifts and 53, 
then reaches resonance only at very high energies, if at all. Other phase shifts for case (a) are in general 


accord with those of Dyson et al. 


1. INTRODUCTION 


RELATIVISTIC theory of pion-nucleon scatter- 

ing, based on the pseudoscalar coupling theory, 
has recently been discussed in some detail by Dyson 
et al.,} using the lowest possible Tamm-Dancoff ap- 
proximation. This theory depends on one parameter, 
the coupling strength G*/4xr. For the T=} S, and P, 
states, preliminary calculations were made for the 
phase shifts 6; and 433, respectively. With a choice 
G*/4r=16, a good fit to the phase shift given by 
de Hoffmann ¢ef al.? was obtained for pion energies up 
to ~160 Mev and the phase shifts calculated for higher 
energies indicated the existence of a (3,3) resonance, 
though the predicted resonance energy was rather 
higher than that observed. For the S-wave, the slope 
of 5; as function of pion momentum was an insensitive 
function of G?/4x and agreed approximately with the 
observed slope for energies above ~60 Mev; the ob- 
served deviation at low energies between observed and 
calculated 6; could be attributed, for example, to a 
weak meson-meson attraction not included in the 
calculation. The phase shifts 6; and 4,; could not be 
consistently calculated in this theory, except in first 
Born approximation. The remaining P-phases were 
found to be small, which is also all that can be said 
with certainty from the present experiments. 

The most striking feature of the resonant (3,3) 
scattering’ is the sharpness of the resonance, the ra- 
pidity with which 4; passes through 90° (see Fig. 1). 
However these preliminary calculations do not lead to 
such a result, for the calculated 5,,; curve begins to 
flatten off before resonance and passes through reso- 
nance rather slowly and at too high an energy. On the 


* Supported by the joint program of the Office of Naval Re- 
search and the U. S. Atomic Energy Commission. 

t Now at Nuclear Development Associates, White Plains, 
New York 

t Present Address: Department of Mathematical Physics, Uni- 
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! Dyson, Ross, Salpeter, Schweber, Sundaresan, Visscher, and 
Bethe, Phys. Rev. 9%, 1644 (1954). Equations of this paper will 
be referred to with a prefix D. 

? De Hoffmann, Metropolis, Alei, and Bethe, Phys. Rev. 95, 
1586 (1954). H. Bethe and F. de Hoffmann, Phys. Rev. 95, 1100 
(1954), 


other hand, the method of calculation used was con- 
sidered to become less reliable as the energy increased. 
The aim of the present work was to make an accurate 
evaluation of the relativistic Tamm-Dancoff theory 
particularly in the resonance region, and to provide 
accurate Tamm-Dancoff wave functions for the pion- 
nucleon system, which could be used in the calculation 
of matrix elements for other pion processes. 

Phase shift calculations have also been made re- 
cently by Chew,’ by Salzman and Snydert and by 
Gammel,’ using the Tamm-Dancoff integral equation 
for the pseudovector coupling (fixed source) theory, 
the Tamm-Dancoff theory and the integral equation 
being treated in various approximations. This theory 
depends on two parameters, G*/4r and the cut-off 
momentum K. For the choice K=5.6y and G*/4r= 10 
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Fic. 1. Experimental values of 4; together with the results 
of various calculations s center-of-mass momentum, &, in units 
of the nucleon mass. 
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a very good fit has been obtained‘ for the phase shift 
533 right up to the resonance. However, as the energy 
increases beyond resonance, the phase shift rises very 
little further and the calculated cross section o(x*,E) 
does not fall sharply above the resonance, as the ex- 
periments indicate. Of course, it is to be expected that 
this is just the energy region in which a theory neglect- 
ing nucleon motion should begin to prove inadequate. 
The relativistic Tamm-Dancoff theory to be calcu- 
lated here is the simplest pessible approximation which 
takes into account only the amplitudes directly coupled 
with the (1,1) amplitude and which neglects all particle 
self-energy effects. In principle, following the methods 
of Lévy and of Dyson,* a complete Tamm-Dancoff 
equation could be set up, in which the kernel includes 
the effects of all irreducible graphs and the pion-nucleon 
propagator is modified by all particle self-energies. But 
it is doubtful whether the simple theory of Dyson e/ al. 
represents a reasonable approximation to this complete 
equation. If only virtual momenta of order yu con- 
tributed essentially to the higher terms in the kernel, 
there may be some reason to hope for a reasonable 
degree of convergence as more complex graphs are 
considered, since the energy denominators increase with 
increasing number of virtual particles. However in the 
calculation of higher kernels it appears that the virtual 
momenta of importance are always of order M. This 


means that, in the high momentum region, the kernel 


K (p,q K (p,q +K2(p,q 4+K (p,q) °°: 


is always a series in powers of G*/ 4m itself, whose con- 
vergence would be very much in doubt. In the P-wave, 
the kernel A, ?.9 for ?. ~~ would be of order 
(G/4r)""'(u/ M)K,; in the S-wave, the ratio K,(,¢ 

K, (p,q) is always ~(G*/4r)""". This has recently been 
emphasized by Wyld,* and it is the situation also for 
the P-wave theory of Chew. The existence of pair 
transitions is not qualitatively important in the P- 
wave, as far as this question is concerned, since the pair 
tions and the positive frequency transitions con- 
tribute comparably for large virtual momenta. For 
Tamm-Dancoff 


trans 


either theory, the validity of the 
method is very much in doubt 

The renormalization of the particle self-energies 
appearing in the lowest Tamm-Dancoff approximation 
(see reference 1) has been discussed by Visscher and by 
Dalitz and Dyson.’ The inadequacy of the theory in the 
high-momentum region is shown here by the appear- 
ance of an unphysical pole in the corresponding pion- 
nucleon propagator, with the result that the self-energy 
terms must simply be omitted at the present time 
Even with this neglect the equations are not directly 


applicable for discussion of the j=7=4 states, for 


*M. M. Lévy, Phys. Rev. 88, 72 (1952); F. J. Dyson, Phys. Rev 
91, 421 (1953 
*H. W. Wyld, Phys. Rev. 96, 1661 (1954) 
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which experimental! information is available—renor- 
malization procedures have been developed to deal 
with this situation, but these cannot be used for any 
reasonable value of G?/4x, since, for just these states, 
there is a very low critical coupling constant (~6.7) 
beyond which acceptable solutions do not exist. Conse- 
quently only the very crudest Tamm-Dancoff approxi- 
mation is considered here and its quantitative relevance 
to the pseudoscalar coupling theory is not at all clear. 

Evidence from S-wave pion-nucleon scattering and 
on nuclear forces has suggested that processes involving 
pair transitions are not generally as effective as per- 
turbation theory would give for the pseudoscalar theory. 
Wentzel and others* have suggested that the pseudo- 
scalar theory may itself contain some “pair suppression” 
mechanism and that pair transitions may be rather 
ineffective in the complete theory. In our calculations, 
the phase shift calculated for the 7= $ S-wave inter- 
action (due primarily to pair transitions) are only about 
one-third of the Born approximation values. This re- 
duction occurs because this interaction is a strong re- 
pulsion. It is not known how generally this and other 
pair damping effects might be expected in the theory. 
However, with suppression of pair transitions, there 
would then be a close qualitative relationship between 
the Chew theory and the relativistic Tamm-Dancoff 
theory—the main difference is that the latter corre- 
sponds to the use of a different form function from the 
simple cut-off used by Chew. In Sec. 2 below, the 
Tamm-Dancoff integral equation is set up with the 
omission of pair transitions, and phase-shift calculations 
have been made with this equation. For momenta 
?, KM, this kernel agrees closely with that of Dyson 
et al., but the two kernels will differ appreciably (the 
‘“‘no-pair’”’ kernel being considerably less, on the aver- 
age) when either p or g2M. A comparison between 
their predictions will therefore give some indications 
as to the properties which a kernel should have in 
order to lead to a sharp resonance, whether or not either 
integral equation corresponds to the content of the 
pseudoscalar theory. 


2. INTEGRAL EQUATIONS 


The integral equation describing the interacting 
pion-nucleon system in the simplest Tamm-Dancoff 
approximation has been obtained by Dyson ef al.’ In 
the present paper, the equation will be considered in 
the following form: 


fur(p) = —Lylp,k) 


(2.1) 


1 
+0 f Lu bq) ————Suw (9), 
e— E,—w, 


*G. Wentzel, Phys. Rev. 86, 802 (1952); Brueckner, Gell- 
Mann, and Goldberger, Phys. Rev. 90, 476 (1953). 
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where the kernel L;;(,¢) is given by® 


9 


Li(?,q)=—" _ | (4-20 Kio) 


16x° 
Pq 


+ (E—M)K,(B)-+——__—_—_ 
(E,+M)(E,+M) 


X (AK ia(C)+(E+MOKs(B))| (2.2) 


according as 7=/+}3. The momentum on the energy 
shell is denoted by &, so that «= Ey+a,. The notation 
of (2.2) is that given in Dyson ef al., with 


A=E,+w,+E,to,t+M—e, 
B=E,+E£,—<«, 
C= WptWe— €, 


the functions K,(X) being defined by Eq. (D22). In 
terms of this function f;:(p), the phase shift is obtained 
as 
we wor 
tand;;7r= fjir(k). (2.3) 


€ 


In applications of the functions /;;(p) to other problems, 
it should be noted that, with the covariant spinor 
normalization tiu=1, the wave function of the (1,1) 
amplitude of the pion-nucleon system is 


E,+M}' op g(p) 
sore 2E*T (ssael®)(), cn 
2M E,+M 0 


where 


Ew. f Ewr\' fp) 
g(p) =5(e— E,—wy) — ( ) « @S) 
en 


ke \Ew, Ey—Wy 


The neglect of pair transitions in the theory involves 
the omission of graphs (b) and (d) of Fig. 2 of Dyson 
es al. The integral equation then obtained still has the 
form (2.1), the kernel now being given by 


OG (E,+M)¢ 
Lil ?,9) ” 


167? 


[a —2M)K,(C)—U;, 


E wi, 
pq 


+ (AK ws(C)-Uied | (2.6) 
(E,+M)(E,+M) 


The functions U’; are defined by 


U,= K,(0)= (—1)"(pg)'B-***/ (2/41), (2.7) 


where E = (E,,,+E,~,)/2. For low momenta, p, gM, 
the pair transitions contribute very little to the P-wave 
kernel, but in the high-momentum region p or g2M, 
their contribution is comparable with that of the posi- 


* 0 has the values 2 for T=] and —1 for T=}. 
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tive frequency transitions and the behavior of the 
solution of Eq. (2.1) will be found to depend very 
much on the nature of the kernel for large virtual 
momenta. In the S-wave, this “no-pair’”’ theory gives 
a very weak interaction in the low-momentum region, 
since this arises only from nucleon recoil effects. 

The significance of this “‘no-pair” equation is not 
clear. It certainly provides a relativistic generalization 
of the equation proposed by Chew, the positive fre- 
quency matrix elements 


(Ey +M)e- p—(E,+M)e-p’ 


(+9) 16] +9) 
2(E,Ey(E,+M)(Ey+M) } 

of the pseudoscalar coupling theory being used in place 
of the pseudovector (fixed source) coupling @- (p—p’) 
2M and the nucleon recoil effects being included. This 
relativistic equation gives finite results without need 
for a cutoff at high momentum. For transitions from a 
low-momentum p’ to a high-momentum , the matrix 
element (2.8) is approximately equal to 


a 2M } 
2MLE,(M+E,))° 


where k= p— p’. Thus, for this case, the matrix element 
(2.8) reduces to the pseudovector interaction with a 
form factor [2M?/E,(Ex+M)}! which begins to de- 
crease for k~M, falling off rather slowly for k>M. 
If p and p’ are both ~M, (2.8) is of order 1 as is the 
case for the pseudovector interaction. There is, there- 
fore, a rough correspondence in some detail with the 
theory of Chew. However it is not known whether this 
“pair suppression” is actually contained within the 
pseudoscalar coupling theory nor whether a crude 
“no-pair” theory satisfies the general conditions neces- 
sary for a theory, such as are required by causality, 
for example. 

Each of these equations has the form (2.1). The 
singularity of the energy denominator (e—w,—E,)™' 
is to be treated as a principal value integral. However 
each integral equation may be transformed to an equa- 
tion with finite and continuous kernel, more convenient 
for numerical work, This will be discussed in Sec. 3. 

When the energy « is large enough for creation of a 
second pion in the pion-nucleon collision, «> M+-2y, the 
kernels Lj:(p,g) become complex, expressing the absorp- 
tion due to the competing production process, and have 
logarithmic singularities due to the reaction of the pion 
production on the elastic scattering. The phase shifts 
then become complex. When the meson production is 
small compared with elastic scattering, the real part of 
the phase shift may be calculated to a good approxima- 
tion after neglect of the imaginary part of Lj,(p,q). The 
logarithmic singularities are integrable but, for accurate 
solution, a careful treatment is necessary (see Sec. 
3). The imaginary part of the phase shift may be 


(2.9) 
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then calculated to determine the total meson-production 
in the state considered—this has been carried through 
by Nelkin” who finds that this procedure is well justified, 
since the meson production predicted by this Tamm- 
Dancoff theory is small up to the highest energies we 
shall consider. 

Finally, the integral equations are not of the Fred- 
holm type but are singular at infinity. This has been 
discussed by Dalitz, Sundaresan, and Bethe" and, for 
the attractive states (j— 7 even), it has been shown that: 


(i) The equations have no normalized solution if the 
coupling constant exceeds a certain critical value which 
depends on j. For the kernel (2.2) this critical value 
G’/4x is ~6.7 for j=4 (these states are not considered 
in this paper), ~26.9 for j= and ~177 for j=5/2. 
For the “no-pair” theory, these critical values are 
somewhat higher. The coupling strengths of interest 
are in the region 15-16, for which normalizable solu- 
tions exist. 

(ii) All solutions of the equations have the form p’ 
for large p where there are generally two possible values 
for \, for given G?/4r. The relation between \ and G*/4r 
has been discussed for kernel (2.2) in reference 10; a 
similar relation may be obtained for kernel (2.6) but 
will not be given in detail here. 

(iii) The equations do not have a unique solution, 
since the homogeneous equation always has a solution, 
so that the method of calculation must be arranged to 
lead to the physically appropriate solution. This is 
actually the solution of (2.1) which decreases most 
rapidly for large p—in principle, it may be obtained by 
solving Eq. (2.1) with the kernel replaced by zero for 
q2K and taking the limit K — ~. In practice, the 
simplest procedure is to require the solution to have 
asymptotic form p* beyond some large momentum, A 
being the lesser of the two values given by the relation 
mentioned in (ii) above. A comparison between various 
possible methods will be made later. 

For repulsive interactions, the integral equation has 
a unique normalizable solution which is quite insensitive 
to the details of high-momentum region of the kernel. 


3. METHODS OF SOLUTION 


The most direct method of solving an integral equa- 
tion of the form 


(3.1) 


p 
G(x) His)+ f J (x,x")G(x')dx’ 


is to consider the unknown function G(x) at a discrete 
set of points x9, x, -*-xy. The integral on the right of 
(3.1) is evaluated in terms of the values G(x,) at these 
points by some numerical method and, equating this 
with [G(x)—H (x) ] at these points, a set of simultane- 


® M. Nelkin, Cornell thesis, March, 1955 (unpublished 
" Dalitz, Sundaresan, and Bethe, Proc. Cambridge Phil. Soc 
(to be published). 
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ous linear equations, 


N 
G(x) =H (a) +E aS (x,x)G(x), O<i<N (3.2) 


j=l 


is obtained for the unknowns G(x,) in terms of H(x;). 
The coefficients a; reflect the numerical integration 
method used. This method is straightforward and is 
applicable to each of our Eqs. (2.2) and (2.6)—the 
accuracy attainable is sufficient for our purposes, as we 
shall see. 

Some detailed points concerning the method will 
now be made. 

(i) Asymptotic behavior.—The integral equations for 
the attractive states have a one-parameter family of 
solutions, of which only one satisfies the normalization 
condition—the asymptotic form of this solution /;(p) 
is ~p*, where \ is a known constant. The equation 


x! f(q) 
(p)=—Lip)+ f L(~,q)—_——dq+ I (p), (3.3) 
0 €— Lg We 
where 
« fi(q) 
19)= f L(p,q)———4q 
P 


e— E,—w, 


(3.4) 


then has only one solution, namely /,(p). If P is chosen 
sufficiently large, then /(p) may be evaluated from the 
known asymptotic form of f,(p). In this region the 
kernel L(p,qg) is separable to a good approximation, 
with the form L’(p)q’, so that J(p) takes the form 


“ L(p,P)f(P) 
I(p)= -f q’?*'dq- 1S Zee Sa 
P 


Crt 1 


=A(p)f(C), (3.5) 
where A(p)=—L(p,P)P/(v+d). If the Eq. (3.3) is 
now replaced by a set of linear equations, taking xy= P, 
the effect of J(p) is simply to replace the coefficient 
J (xi,x~)ay by [A(x,))+J(xi,2y aw ]. Even if there were 
no ambiguity for the attractive cases, the infinite inte- 
grals would have to be cut off in the numerical method 
and the abeve procedure provides a simple and suffi- 
ciently accurate prescription. 

(ii) Principal Value Integrations.—In place of Eqs. 
(3.3) and (3.5), the equation which is solved numeri- 
cally is 

P L(p,q)—L(p,k 
F(p)= -Lpn)+ f = i = ) (ada 
0 


e—w,— E, 


+A(p)F(P). (3.6) 
The required function /(p) is then given by 

F(p) 

f(p)=— ee 


P F(q)dq_— 
1-of —* 
e e—E,—w, 
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The kernel of the integral Eq. (3.6) is now finite and 
continuous. Its value at g=& is obtained by a standard 
numerical differentiation method for evaluation of 
dL(p,q)/dq from the tabulated values of L(p,g). The 
principal value integral occurring in (3.7) is calculated 
numerically as 


P $(9)  o(q)—$(k) 
of —dq= ———_———dq 
0 k—q 0 k—q 


att, 
where 
o(q) =F (q) (k—g) (e— E,—w,)™. 


This procedure for dealing with the principal value 
integrations has a further advantage. At the resonance 
energy €r, the function f(p) for the (3,3) state becomes 
infinite relative to L(p,g) and fr(p) satisfies the homo- 


geneous equation 
* L(p,q) . 
Sr(p)= f norman aie. (3.9) 
0 


€r— Lg—We 


However, Eq. (3.6) for F(p) has a different kernel and 
does not behave in this singular way near resonance. 
The singularity in f(p) then follows directly from the 
vanishing of the denominator of (3.7). For F(p), it is 
possible to obtain meaningful solutions to Eq. (3.6) 


right at the resonance energy, whereas a numerical solu- 
tion of the original equation (3.3) for /(p) is rather more 
difficult. 

(tit) Meson Production Singularities.—The solution 
by means of simultaneous equations requires the 
tabulation of the kernel at an array of values of (p,q). 
When the energy is large enough for creation of a free 
meson, the functions K,(p,g) become logarithmically 
singular along two curves in the (p,g) plane given by 


w= E(C+E)/pq=+1. (3.10) 


Since the mesh points (p,q) are chosen without refer- 
ence to particular properties of the kernel, appropri- 
ately smoothed values of K;(p.,qg;) were calculated for 
mesh points close to the singularities. The program by 
which the computer calculated K,(p;,g;) included a 
section which determined whether the K;(p;,q;) about 
to be computed lies close to the singular lines. If this 
is so, the computer calculates the average of the follow- 
ing approximate expressions for K, (valid near the 
singularities), taken over the two half-intervals on each 
side of the point 


K —wKo+1/pq, (3.11) 
K<—4wK—}Ko. 


For K;, the average value was taken to be zero, since 
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the averages decrease with increasirg / and since the 
j=5/2 phase shifts are not expected to deviate much 
from Born approximation. The deviations from Born 
approximation come mainly from momenta #, g above 
the energy shell, &, whereas the singularities discussed 
here are always below. 

The calculation was set up in such a way that the 
set of values p; is nearly arbitrary. Thus it was possible 
to use the same mesh for more than one energy and also 
to calculate at one energy for two mesh distributions. 
The sets of values of » for which the wave function is 
tabulated are 0 (0.02) 0.32 (0.04) 0.48 (0.1) 0.88 (0.2) 
1.68 (0.5) 3.68 (1.0) 7.68 and 0 (0.04) 0.72 (0.08) 1.04 
(0.16) 1.68 (0.32) 2.96 (0.64) 5.52 (1.28) 8.08. 

The machine time required in the calculation was 
roughly as follows. Calculation of the kernel (without 
the factor Q’G*/16m) at all of the 37X37 mesh points 
for a given energy, j and / takes about six minutes. This 
is tabulated so that it may be used repeatedly for 
various G*/4r and Q’. For a given value of Q’G*/16, 
the solution of the resulting set of 37 simultaneous 
equations takes about the same length of time. 

The accuracy of the calculation was estimated by 
comparison with a further calculation at the same 
energy with a coarser mesh. This leads to the conclusion 
that the phase shifts and the wave function for pS M 
are accurate to at least 1%. In this region, the shape 
of the wave function is very reliable and the uncertainty 
comes mainly from the normalization in the denomina- 
tor of (3.7). For the highest virtual momenta the error 
in the wave function may amount to as much as 5%. 

It should be emphasized here that for a singular 
attractive kernel such as is relevant here for the (3,3) 
state, the high virtual momenta contribute significantly 
even in the remote asymptotic region. To illustrate 
this, calculation was made taking A(p)=0, i.e., replac- 
ing the kernel by zero for momenta beyond the last 
mesh point xy=7.7M. For example, at energy 187 
Mev and coupling strength G*/4r=15, the phase shift 
53; changed from 62.5° (calculated by joining on the 
correct asymptotic form for p2xw) to 55.4° for the 
cut-off kernel, a decrease of about 12%. However, 
since only real pion momenta up to k~0.6M are con- 
sidered here, the treatment of the asymptotic region 
mostly affects the value of G?/4m for best fit, the good- 
ness of the fit being relatively little affected. For 
repulsive interactions, the asymptotic region is un- 
important, the wave function being strongly depressed 
in this region. 


4. RESULTS AND DISCUSSION 


For the resonant (3,3) state, calculations of the 
phase shift 6:; have been made with the kernel (2.2) 
for several coupling strengths. In Fig. 1, the curves ob- 
tained for 63; are compared with the phase shifts given 
by the analysis of Bethe and de Hoffmann’ up to 217 
Mev, by Glicksman at 187 and 217 Mev, by Margulies 
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Fic. 2. Experimental and theoretical values of 4,;. & is 


the momentum and « the kinetic energy in the center-of-mass 
system. 





at 300 Mev, and by Anderson at 165 and 189 Mev.” 
The experimental points given at higher energies are 
lower limits on 63;, obtained from the total x? cross 
sections on the assumption that only (3,3) scattering 
takes place. The best fit is obtained for a coupling 
parameter G*/44=15.5. This value is somewhat larger 
than the rather reliable coupling constant obtained from 
the S-wave photoproduction data, following the argu- 
ments of Kroll and Ruderman, namely G*=49r= 12." 
A good fit to the phase shift, within the experimental 
errors, is found for pion energies up to 2300 Mev. 
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Fic. 3. Pion nucleon scattering wave functions for the Py, T=4 
state taken from Dyson ef al. with G/4nr=14.5 and &/M, the 
center-of-mass momentum, =0.22 and from the present calcula- 
tion with the parameters 15.0 and 0.20, respectively 
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Beyond this energy, the calculated 4,3 lies below the 
lower limit obtained from the total cross section. The 
most important feature of the calculated curve is that 
it passes rapidly through 90°, so that the resonance 
curve for the (x*,p) total cross section is sharp, as is 
required by experiment. 

An “effective range” plot is made for 533 in Fig. 2+ 
The quantity plotted is rk* cotds;/(e—M) as function 
of (e—M), the plot which Chew and Low have sug- 
gested as relevant for the relativistic theory. Such a 
plot appears to have no natural justification on the 
basis of the Tamm-Dancoff theory, but in practice it 
proves very convenient since the calculated points 
then lie very close to a straight line. The success of such 
a plot appears to depend on the fact that the inter- 
action is very strong for momenta of order M, so that 
it is not unreasonable to expect the “effective range” 
to be of order #/ Mc and the curvature of the plot to be 
quite small. 
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Fic. 4. Experimental! values of 5; together with the results of vari- 
ous calculations as a function of center-of-mass momentum. 


The success of this Eq. (2.2) in leading to a sharp 
resonance appears to depend on the existence of strong 
interaction for high virtual momenta p2 M, an ade- 
quate treatment of this high momentum region being 
important. Comparison with previous calculations 
illustrates this point, for these have the feature that 
the curves which fit the low-energy phase shifts rise 
towards resonance slowly and then flatten out. This is 
also the case for the calculation of Salzman and Snyder 
who find a very good fit only as far as the resonance 
energy. 

This conclusion is markedly supported by a com- 
parison of these results with those for the “‘no-pair”’ 


Conference on High Energy Physics, February, 1955 (Interscience 
Publishers, Inc., New York, 1955). According to T. D. Lee (private 
communication), a more reasonable quantity for the fixed source 
pseudovector theory is (£* coté;;—*) /w. The relativistic Tamm- 
Dancoff theory is ambiguous and gives no unique answer for the 
intercept of this straight line at w=0. It is interesting, however, 
that the straight portion of our curve extrapolates to 0.61=3r 
15.52 = 34/(G/4r) = (34 /4/*) (u/M)* where /? is the pseudovector 
coupling constant. 











PION-NUCLEON SCATTERING CALCULATIONS 


theory based on the kernel (2.6). The two kernels (2.2) 
and (2.6) closely agree for p, g~u and differ appreciably 
only in the region of momenta p, g 2 M. However, with 
the “‘no-pair’’ kernel, the fit to the low energy data re- 
quires a rather large coupling G*/4x= 30. This difference 
from the Chew theory, of which it is a generalization, 
arises partly from the increased inertia of the‘meson- 
nucleon system at high virtual momenta (due to the 
nucleon recoil) and partly to the fact that the coupling 
from low to high momentum in the “no-pair” theory 
corresponds roughly to the use of a form factor 
[2M?/E,(E,+M) }' instead of the simple cutoff of the 
Chew theory. Owing to each of these, the effective 
coupling for high virtual momenta is reduced and, since 
the enhancement of the phase shift over Born approxi- 
mation comes mostly from the high virtual momenta, 
the coupling parameter G?/42 must be correspondingly 
increased to fit the data with the “no-pair” theory. 
This is comparable with Wyld’s result that the fourth 
order correction to 63; (neglecting pair transitions) is 
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Fic. 5. Scattering wave function for the S;, T= 4 state accord- 
ing to Dyson ef al., for G?/4r=10 and k/M=0.3 and the present 
calculation with parameters 13.0 and 0.28, respectively. The inset 
shows the low-momentum part of our wave function enlarged to 
illustrate the effect of meson production on the wave function. 


about one-half of the corresponding term in the Chew 
theory. At higher energies, this reduction in the high- 
momentum components of the kernel results in a phase- 
shift curve which rises much less steeply than that 
found for the theory with pair transitions. As far as 
300 Mev, the calculated phase shift 5;; has risen only 
as far as 60° and resonance will be reached only at an 
exceedingly high energy, if at all (see Fig. 2). 
However, it is indeed remarkable that such a good 
fit to the data is obtained for a coupling parameter 
(15.5) which is comparable to the more reliable value 
(12) of the Kroll-Ruderman argument. This agree- 
ment with 63; depends quite sensitively on the high- 
momentum region of the kernel, whereas the Kroll- 
Ruderman coupling parameter depends only on the 
neglect of some terms of order (u/M)*. Although there 
is really no reason to believe that either of these kernels 
is a reasonable approximation to the content of the full 
pseudoscalar theory, the comparison of their predictions 
indicates that the complete kernel should contain strong 
interactions for high virtual momenta p2M in order 
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Fic. 6. Calculated results for various scattering states. The 
coupling constant, G?/4:, is 15.7 for all curves except that for the 
Ds, T=§ states for which it is 12. The theory which includes 
nucleon pairs is used for these results. 


to obtain such a sharp resonance as the experiments 
show. 

A typical wave function f,3(p) has been plotted in 
Fig. 3 and compared with a nearly comparable wave- 
function calculated by Dyson ef al. The latter is rather 
jagged as a result of the approximation method used, 
but it will be seen that this wave function is rather good, 
in an average sense. Its use as trial function in a sta- 
tionary expression for tané;; would give more accurate 
phase shifts than those previously given, but this 
would require accurate numerical knowledge of the 
kernel. However, it has been noted in Sec. 3 that 
calculation of the kernel is a major part of the nu- 
merical program. When this has been done, the direct 
numerical method used actually provides a more sys- 
tematic and reliable procedure than any such varia- 
tional method. 

The S-state phase shift 4; is plotted in Fig. 4 for the 
coupling parameters G?/4r=15.5 and 2.0. The former 
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Fic. 7. Two P phase shifts calculated according to the 
theory in which nucleon pairs are omitted. 
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curve agrees well with the previous calculations—since 
the interaction is strongly repulsive, the curve obtained 
does not depend sensitively on the details of the kernel. 
Proposals for the explanation of the disagreement with 
experiment in terms of a meson-meson attraction have 
been made by Mitra and Dyson and by Ross.'* We 
note that a coupling constant of 2.0 is required to give 
rough agreement with experiment. A typical wave 
function /;(p) is shown in Fig. 5. Its rapid fluctuations 
for low momenta are characteristic for pion energies 
«>M-+2u and represent the reactive effect of the 
competing meson production on the elastic scattering. 
In the “‘no-pair” theory, the S-wave interaction is due 
to recoil effects and the phase shift is small, with 
momentum dependence ~&'. 

For both kernels (2.2) and (2.6), the P-wave phase 


‘* A. Mitra and F. J. Dyson, Phys. Rev. 90, 372 (1953); M. 
Ross, Phys. Rev. 95, 1687 (1954); R. E. Marshak Phys. Rev. 88, 
1208 (1952). The evidence for a curvature in the plot of 4, vs & 
(which is what the meson-meson force must explain) is no longer 
very frm 


KALOS AND R. H. 


DALITZ 


shifts 5,3; and 43; are each quite smail, roughly equal 
and differ little from Born approximation, as shown in 
Figs. 6 and 7. (It is interesting to compare this result 
with the requirement of the pseudovector theory that 
5:3=63; exactly.) Experimentally, these phase shifts 
are known only to be small and of uncertain size. The 
various D-wave phase shifts are also shown in Fig. 6 
and are very little different from the Born approxima- 
tion values, which had been caiculated earlier by 
Nelkin."* 
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An elementary model of the }, } nucleon isobar is applied literally as an intermediate state in two-nucleon 
processes. The mechanism of deuteron photodisintegration which is thus implied is found to contribute 
most of the observed cross section at high energy. The isobar does not seem to be as important in nucleon- 
nucleon scattering, or in reducing the photomeson production (and similar processes) below the estimates 


of impulse approximation. 


An estimate of single-nucleon Compton effect also is given, in the context of the isobar model 


I. INTRODUCTION 


HE J=4, T=% nucleon isobar idea has been 
applied extensively, and with considerable suc- 
cess, in studies of high-energy reactions involving one 
nucleon.' So far, however, these have been almost the 
full extent of its application, probably because the 
degree of rigor which makes these applications inter- 
esting is only possible for two-body collisions, as well 
as because it frequently is possible in the one-nucleon 
situation to use the isobar only as a guide in calculations 
of more general validity. 
For multinucleon systems, perhaps the most plausible 
use so far made of the isobar has been the demonstra- 


* This work was carried through in most part early in 1952, 
when the author held a U. S. Atomic Energy Commission Post- 
doctoral Fellowship at the Cornell University Laboratory of 
Nuclear Studies. He is very grateful for the fellowship, and for 
the warm hospitality of Cornell University. 

1M. Gell-Mann and K. M. Watson, Ann. Rev. Nuclear Sci. 4, 
219 (1954). These authors sumniarize much of the work that has 
been done with isobar models for single-nucleon processes, and in 
«* production in proton-proton collisions. They also summarize 
the data, and give an extensive collection of references 


tions'? that in the reaction p+p—xt+d it gives a 
dominating role to the 'D, state. The present paper will 
extend this type of discussion, making very free use of 
the isobar for all high-energy reactions involving two 
nucleons.’ The isobar idea will be used quite crudely. 
Nevertheless, if the absence of rigor be tolerated, it 
will be seen that several interesting results follow, 
notably that the more striking features of the high- 
energy deuteron photodisintegration are reproduced by 
the calculation. 

The approach used in this paper takes quite literally 
all of the more elementary ideas about the isobar. We 
employ these to make a model of the isobar state of a 

*S. Matsuyama and H. Miyazawa, Progr. Theoret. Phys. 
(Japan) 9, 492 (1953). 

+ The use of isobar ideas in this connection was first suggested 
to the author by Professor H. A. Bethe. An earlier publication, 
N. Austern, Phys. Rev. 87, 208(A) (1952), correctly described 
the model. However, the formulation was complicated, and 
subsequent work seemed to show that the model gave wholly 
insignificant contributions in deuteron photodisintegration. The 


— veformulation is very much simpler and more straight- 
orward, and so more reliable. 
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nucleon: assuming it to have a discrete energy, to be 
localized in space (i.e., normalizable), to have even 
parity, and to have spin 3, and isotopic spin 3. We 
assume further that all processes involving two nucleons 
proceed in two steps, via an intermediate state in which 
only one nucleon is raised to the isobar, the other one 
not being excited, somewhat of a spectator. Also the 
model is simplified, for the present, by assuming the two 
nucleons in the intermediate state to move with zero 
relative angular momentum and zero energy of relative 
motion. 

Our intermediate state is seen to have three possible 
channels for decay, as illustrated in Fig. 1. Not only 
can the one nucleon which is excited decay simply by 
pion or y-ray emission, as it can when in isolation, but 
now it also can make a collision of “second kind” with 
its neighbor (as molecules do in a gas discharge), the 
energy of isobar excitation going over to kinetic energy 
of relative motion of two nucleons in their ground 
states. For such a collision decay our simplifying 
assumptions about the intermediate state lead by 
inspection to the well-known result'? that the state of 
relative motion of the two normal nucleons must be 
'Ds, this being the only state with even parity, isotopic 
spin unity, and J equalling 1 or 2. 

The full nature of our model now is evident. It 
provides a sort of “extended” theory of detailed 
balance, based upon the dynamical assumption of a 
single, dominating intermediate state. Three matrix 
elements, which we label II, 2, 7, as shown, inter-relate 
six distinct cross sections. These matrix elements are 
functions only of the total energy of the system, £. 
Various physical assumptions could be made about 
their energy variations, along the lines of the resonance 
theory studies of Gell-Mann and Watson. Fortunately, 
such detailed considerations about IT, 2, 7 are not 
needed if we seek only the interrelation of cross sections. 
It is sufficient to recognize that the matrix elements are 
independent of the J, and 7; quantum numbers, that 
their energy variations are given automatically from 
the three cross sections which are chosen to measure 
them, and that their phases do not enter in the calcu- 
lations of this paper. Actually the only work involved 
in this theory consists of adding up correctly the 
combination coefficients which tell how the matrix 
elements enter into the different cross sections, and of 
keeping correct normalizations. 

From a somewhat more fundamental standpoint the 
above model is rather difficult to justify. However it 
does represent certain terms which arise in field theory, 
it does contain a simple version of dispersion theory, 
and it does indicate to some degree whether the two- 
nucleon reactions can be understood in terms of those 
of one nucleon. The reliability of cur model may be 
defended by noting that to a considerable degree the 
other terms of field theory do not interfere with those 
the model includes, and so these other terms either are 
negligible when cross sections are found, or may be 
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Fic. 1. The scheme of the isobar model. 


discussed in terms of simple subtraction of cross 
sections. The “discrete” state assumption for the isobar 
is of little consequence, despite the actual short life- 
time, and is related to one of the older derivations of 
nuclear dispersion theory. Here it should only be 
understood as a device to help keep correct normal- 
izations. 

The idea of dispersion theory provides an alternative 
context in terms of which to understand the results 
below, although the subsequent discussion is all in 
terms of perturbation theory. However, in dispersion 
theory II, 2, and T become reaction widths, to be 
evaluated from experiment. Our “spectator” assump- 
tion gives II and 2 in terms of reactions involving one 
nucleon, so that the model is in this sense less adjustable 
than a dispersion theory. This assumption is a conse- 
quence of the idea that a meson can be in very strong 
interaction with only one nucleon at a time. Perhaps 
this, like the other assumptions, is best justified by 
seeing what are the results of calculation. 

In the sections which follow we treat in turn each of 
the relevant cross sections, first giving quantitative 
definitions of II, 2, 7, and evaluating them, and then 
using the results thus found. Section II treats r*-proton 
scattering, so as to find II. Section III treats (y,#°) 
production from a proton, so as to find Q. Section IV 
treats x* disintegration of the deuteron, so as to find 7. 
Then in Sec. V we compute deuteron photoeffect, and 
in Sec. VI proton-proton scattering in the 'D, state. 

One interesting, though subsidiary, result comes from 
the fact that the existence of the collision channel 
permits the isobar to decay somewhat faster than for a 
nucleon in isolation. As a result the state is broader in 
the two-nucleon application, the energy denominator 
having a larger imaginary term, and the photoproduc- 
tion, y-ray scattering, and meson scattering cross 
sections are several percent smaller than in the pre- 
dictions given by impulse approximation. Other than 
this one effect, the model gives no new results for those 
processes. This effect is discussed briefly in Sec. VII. 
Also in Sec. VII a discussion is given of Compton 
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scattering from a single nucleon, as this process does 
not seem to have been treated elsewhere from the 
standpoint of the elementary form of the isobar model. 

With regard to deuteron photoeffect the present 
model is somewhat of a formalization of ideas first 
given by Wilson.‘ Indeed, it was designed for that 
purpose. However it certainly does not give a complete 
theory of deuteron photoeffect, the isobar model only 
including magnetic dipole y-ray interactions. These 
dominate in (y,x”) production, which we use to measure 
2, but account for only about half the (y,+*) production. 
Electric dipole radiative interaction, leading to the 
meson S wave, and also to both isotopic spins 4 and 3, 
is important in w* production. This interaction is not 
included in the present model. Accordingly, it is 
satisfying that the formula we will obtain for deuteron 
photodisintegration, 


9 a(y+ pr’ + fp) o(x*++d—>p+ p) 
a(y+d—n-+ p) —_—_—_—_ $ 
4 a(x*+ p—+4*+ p) 


with the angular distribution 
a(y+d—n+ p)~1+ § sin’d, 


gives values falling somewhat below those of experi- 
ment. 


Il. PION-PROTON SCATTERING 


At this point we treat x* scattering from an isolated 
proton, so as to evaluate the matrix element II. 

The normalized isobar wave function will be labeled 
Z**, where w is the J, quantum number, running 
through the set {},4, —4, —3}, and » is the corre- 
sponding 7; quantum number. A nucleon in its ground 
state will be labeled NV“? or N*%:", according as it has 
spin projection a, and is a proton or a neutron. 

The P part of a meson plane wave with momentum 
g has the form 


_ Vim (q-2)¥ 3, = (8), (1) 
where z is the axis of directional quantization, and it 
will be understood that all boldface symbols which 
appear in this paper are unit vectors. We find the *P, 
part of the product of (1) with N*-”, getting® 

i 

D> Vin*(q-2)(1, 4; 


m,a|%,m-+c)\},m+a). (2) 
Here the incident state has uniquely T=}, T;=}, so 
the isotopic functions are not indicated in (2). 

Now we define II by the assertion that the *P; (and 
T=) part of a meson plane wave of unit amplitude 
couples to the appropriate Z*” with amplitude II. 
Thus the amplitude with which the isobar is formed in 


*R. R. Wilson, Phys. Rev. 86, 125 (1952) 
* The notation used for the Clebsch-Gordan coefficients is 


Chu, fay mts, te! J, +m) 
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a x*— p collision is* 


1 
> Vi.n*(q-2)(1, 4; m, 0/3, m+o)Z™*¢-4. (3) 


m= 
If z in (3) be identified with q, this reduces to 
ITY; 0* (11, 3; 0, o | ¥, o)Z*4, (4) 
=[II/(2r)§]Z*:. 


The transition matrix of second-order perturbation 
theory is obtained by combining (5) with (3), using 
(5) as the matrix element for formation of the isobar, 
and (3) for its decay. For this application, q in (3) is 
replaced by q’, the outgoing momentum, and @ by oa’, 
the outgoing spin. However z remains q, as in (5). 
Then the transition matrix becomes 


M (e+ p)= (2x) ID“ IP Y, -.*(q-q’) 
X(1,4;0-—0',0'|9,0), (6) 
where 
D=E— Eot+iI'/2. (7) 
The quantities in (7) are,' of course, the isobar energy, 
29= 159 Mev, and the isobar width, 
2(ga/h)* 
r-| —— }xss Mev, (8) 
1+ (ga/h)? 


with a=0.88(h/uc). The use of a width in (7) goes 

beyond the immediate results of second-order pertur- 

bation theory, except if one imagine the isobar to have 

a complex energy, by virtue of its decay. This we do. 
From (6) the meson scattering cross section is 

da(x*++ p—x*+ p) 

= (2x/hv(x))>>.:| M(xt+ p) 


= (8rh)—[pe(x)/v(x) |II*| D 


2oe (w)dQ/4n, (9) 
“2(1+3 cos@)d2/4r, (10) 
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Fic. 2. Total cross section for #* scattering by protons. 
Taken from Fig. 5 of reference 1. 


* Tables of relevant coefficients and functions may be found in 
the Appendix. 
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where @ is the scattering angle. Finally, 
II*(E)=4rh[o(x)/p2(x) ]| D\*o(x++ port+ p). 
A graph of o(x*++ p—>r*+ p) is provided as Fig. 2. 


(11) 


Ill. PHOTO z* PRODUCTION 


Other studies' have made it clear that r° photo- 
production goes overwhelmingly by way of the isobar. 
This makes it very proper to use the x” cross section as 
a measure of 2. However, the simple isobar theory 
then gives a very bad fit for charged pion photo- 
production. This point will be of importance later. 

We define 2 by asserting that the isobar state Z*:' 
is formed from N*:? with amplitude 


2Z*:4, (12) 


if the y ray is incident with a normalization of one 
photon per cm*. Here the y-ray absorption is presumed 
to be of magnetic dipole type, as it largely is, so the 
relevant vector is the polarization vector of the y ray, 
u. This vector is used as the axis of quantization, with 
the result that o is the total J, quantum number. 

For the isobar decay to a plane wave state with 
momentum q’, and N°’? the amplitude (3) applies 


again, multiplied with the one additional factor 
(1, 4;0, 4/3, 4)=+/%, which picks out the T=} part of 


(x°+ proton). Then 


MT (-+y,9°) 
= D'O1My/§} Yi, ~'*(u-q’)(1, 4; c—0’, o|3, 0); (13) 
da(y,r°) 
2r 1 dQ 
=—=- D |M(y,2")|*o2(4r)—, (14) 
he 2 0’ dr 
dQ 
= (12hc)"pe(w) IP! D|-? + {1+3(u-q’)*}—, (15) 
u T 

= (6hc) px (er) MIT? | D|-*(1+3 sin’?)dQ/4z, (16) 
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Fic. 3. Total cross section for photoproduction of r* mesons 
from the proton. This graph is the transcription to center-of-mass 
coordinates of Fig. 7 of reference 1. It should be noted that to 
obtain their Fig. 7 Gell-Mann and Watson used a theoretical 
angular distribution. 
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where @ is the angle the outcoming x° makes with 
respect to the y-ray beam. Finally, 


0? (E)IT(E) = (3hc/px (x) Jo(y,x")| DI. 


Figure 3 is a graph of the values which will be used for 
a(y,r°). 

The operation of averaging on polarizations was 
shown explicitly, in going from (15) to (16), in order 
to make it plain that the photoproduction gives the 
same angular distribution (in this model) as does the 
scattering, provided it be observed with respect to the 
polarization vector. Only the averaging over polariza- 
tions, with the change to the propagation vector as 
the reference direction, gives the (1+ } sin*#) expression. 
This same relationship will occur again in the two- 
nucleon situation. 


(17) 


IV. MESONIC DISINTEGRATION OF THE DEUTERON 


The matrix element 7 will now be given a standard 
definition, and its value found. The calculation is a 
little more difficult than in II and ITI. 

It is not necessary to consider the deuteron space 
wave function, and we choose to ignore the deuteron 
D state. Spin states J,= +1 will be treated separately 
from J,=0. 

For J,=1 the spin and isotopic spin wave function is 

2-1(N PNG NANG) ?), (18) 


According to the definition given for II in Sec. I, the 
absorption of a x* wave of unit amplitude by nucleon 
1 gives the isobar amplitude’: 
II (2e)~42-1{Z t4N A 
—(1,4;1, —41 4, 4).Z,54N,) 7). (19) 
From (19) the 7=1, J=2 part is selected, the only 
part which can decay into two nucleons, giving 
11 (4r)-*(9, 454, 4912, 144,459, -§11, 1) 
—(, 4; 1, -4 i, 4) (3, 454, 4/1, 1),)|2, 1; 1, 1) 
= [1 (4r)-4|2,1;1, 1), (20) 
where the ket, | 2, 1; 1, 1) is defined as being normalized 
to unity. 
The D part of a two-nucleon plane wave of momen- 
tum k has the form 


2 
L V2 m*(k-2)¥2.,(r), 


m2 


(21) 


with z once again the reference direction. We now 
define T by the assertion that a nucleon plane wave of 
unit amplitude forms the appropriate | 2, 1; J,, 7',) with 
amplitude 7. Thus the intermediate state amplitude 
when two protons collide is 


2 
TX Vau*(k-2)|2, 1; m, 1). 


man? 


(22) 


7 Here we begin the use of subscripts on the Clebsch-Gordan 
coefficients to indicate whether they originate in spin space or 
in r space, 
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As before, we write down the transition matrix in 
second order, now combining (22) with (20), obtaining 


M(t + x;'—+2p) = (Dy (1 (x) 4) (TY 2 *(k-q)). (23) 


To form (23) the matrix element (20) is multiplied by 
two, to account for the participation of both nucleons, 
and z in (22) is taken to be q, the momentum of the 
incident meson. The energy denominator now carries 
a prime, where 

D/ = E— Eo+iT"/2. (24) 


v 


The width I” is greater than I’, collision decay having 
become possible. Also, the x;' symbol in 9M in (23) 
means that this is only the transition matrix from the 
J,=1 deuteron state. 
The J,=1 part of the cross section is 
da(x* + x;'—+2p 
[2/ho(wr) loe(2n)|M(xt++ x," +2p)|*dQ/4a, 
=(2/h v(x) }| D’'|*1PT*| V2 s(k-q)|*dQ/4x, 
(15/49rh)[ pe(2n)/o(x) || D’|\ IPT? 
sin’ cos*@dQ/4r. (25) 


‘ 
| pe(2n) 


It remains to find do(x++ ,°—2P), for the x,* 
contributions are equal. The x,° 
(NY PN A+ NON 

NaN pte N, 


wave function is 


bet?) (26) 


We follow the earlier procedure identically. First II is 
introduced, so as to find the isobar amplitude formed 
when nucleon 1 absorbs a positive pion. From this the 


T=1, J 


2 part is found. The result is 

Il (3r)-*) 2, 1;0, 1), (27) 
in analogy with (20). The x,° part of the cross section is 
} D’ 


< IF?77(3 cos’é 1 2dQ tr. 


da (x*+-x:°—2p) = (5/6rh)[pe(2n)/o(x 


(28) 


At last, we can evaluate the average mesonic disinte- 
gration cross section, one third the sum of (28) with 


twice (25). 


da(x*+-d—+2p) = (5/18rh)[ px (2n)/0(x) ]| D’|-* 
X IP? 77(3 cos*8@+1)dQ/4r, (29) 
and 


a(x++d—+2p) = (5/9rhk)[ pe (2n)/o(x) }| D’|IFT?. (30) 


Equation (30) permits the evaluation of 7? in terms 
of o(x*++d-—+2p), or o(2p—>2*+d) which of course will 
do equally well. The latter cross section has recently 
been evaluated for protons of energies up to 660 Mev 
in an experiment by Meshcheryakov and Neganov. 
The cross section o(#*+d-+2p), evaluated from their 
data by the use of detailed balance, is given as Fig. 4. 

*M. G. Meshcheryakov and B. S. Neganov, Doklady Akad. 
Nauk SSSR, 100, No. 4, 677-9 (1955) [translated by S. Shew- 
chuck, Information Division, University of California Radiation 
Laboratory, Livermore, April 20, 1955]. 
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V. DEUTERON PHOTODISINTEGRATION 


The calculation proceeds in very close analogy to 
that of Sec. IV. The polarization vector, u, is the axis 
of quantization, and we will average over polarizations 
after the cross section has been found for one polar- 
ization. 

First consider the J,=1 deuteron state, whose wave 
function is given by (18). According to Sec. III, the 
absorption of a y ray of standard amplitude gives the 
isobar amplitude 


22-4 Z,b4Nb-*— ZN gb?) (31) 
of which the T=1, J=2 part is 
(3/4)'2| 2, 1; 1, 0). (32) 


Then we proceed to find the J,=1 part of the cross 
section, then in like manner the J,=0 part, then 
combine the two to find the average photo cross section 


da(¥x + d—n+ p= (5/6hc)pr(2n) D’| 


X2T2(3 costy+1)d2/4e. (33) 


Here y, means that the indicated cross section only 
refers to one polarization direction. Also ¢ is the angle 
the outgoing particles make with respect to u. Averaging 
on u gives the final result, 


da(y+d—-n+ p) = (5/6hc)px(2n)| D’'|-*T? 
X (1+ 3 sin*#)dQ/4r, (34) 
and 
a(y+d—n-+ p) = (5/3hc)px(2n)|D’|-**T*. (35) 


In the expression (35) we may substitute for 0°77, 
using (11), (17), and (30), to obtain 


9 o(y+ p+ p) o(xt+-+d—2p) 


ope (36) 


, 


o(y+d—n-+ p)= ea 
4 o(x*++p—x*+ p) 


which was quoted in the introduction. Equation (36) 
is very convenient for calculation. Figure 5 shows the 
total cross section given by (36), along with the experi- 
mental points. Figure 6 shows the same comparison for 
several of the angular distributions. 

At energies well below the meson threshold the 
photodisintegration process is dominated by the direct 
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radiative interaction with the proton as a rigid charged 
particle.* This process gives a cross section which falls 
off rapidly with energy, a part of which is shown 
towards the lower energies in Fig. 5. This “low” energy 
cross section should be imagined” continued to higher 
energies, as suggested by the M-G line of Fig. 5, pro- 
viding a background onto which to add the cross section 
of Eq. (36). (The two processes do not interfere, for the 
respective final states are orthogonal in spin.) Thus it 
is seen that the agreement between theory and experi- 
ment, at least for the total cross section, is very good, 
and most encouraging with regard to the model treated 
in this paper. 

For the total cross section the outstanding dis- 
crepancy between experiment and theory occurs be- 
tween about 100 and 300 Mev. In a sense this is hardly 
any discrepancy at all. As was emphasized earlier, the 
use of the photo-z” cross section to measure the radiative 
interaction strength is correct for the isobar model, but 
gives a bad fit to x* photoproduction. Especially over 
the first 200 Mev above threshold the x* production 
receives a large contribution from electric dipole y-ray 
interaction, involving meson emission in T=} states, 
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Fic. 5. Total cross section for deuteron photodisintegration. 
Both the experimental points and the MG curve are taken from 
Fig. 29 of the Berkeley thesis of Dwight R. Dixon, University of 
California Radiation Laboratory, UCRL-2956. 


*L. I. Schiff, Phys. Rev. 78, 733 (1950). J. F. Marshall and 
E. Guth, Phys. Rev. 78, 738 (1950). 

” Rather than simply graphing in Fig. 5 the result of sub- 
tracting the extended low-energy curve, the reader is asked to 
imagine the subtraction. This device is used to emphasize the 
qualitative nature of our discussion, for the high-energy end of 
the low-energy curve is very dependent on the details of the 
nuclear force, and the calculations of reference 9 and of subse- 
quent workers certainly are not reliable in this region. 
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Fic. 6. Angular distri- 
butions for deuteron 
photodisintegration. The 
“experiment” curves are 
taken from a smoothed 
graph prepared by A. 
O. Hanson (private com- 
munication). Reading 
from the top down the 
gamma-ray energies are 
455 Mev, 305 Mev, 220 
Mev, and 140 Mev 
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and giving the very familiar meson S-wave term. Our 
model omits this entire process. Thus the gap between 
theory and experiment which we see in Fig. 5 should be 
regarded, for the present, as merely a convenient 
opening into which to fit the neglected processes. 

The angular distributions, in Fig. 6, are more strongly 
affected by the shortcomings of the model, for inter- 
ferences make small quantities important in the angular 
distribution. Nevertheless, it is seen that (1+ % sin*#) 
provides a good first approximation over much of the 
energy range. A first idea of what we have left out is 
the phase difference between the two nucleons. This 
would lead, if included, to a fore-aft asymmetry of the 
differential cross section, perhaps similar to that which 
is observed. 

Another interpretation of the phase difference, in 
terms of the assumptions of our model, is that the 
nucleons in the intermediate state need not move, as 
we have assumed, with zero relative orbital angular 
momentum. Indeed a semiclassical estimate of the most 
likely maximum angular momentum gives it as about 
(y-ray momentum) X}4(h/uc), thus LS1 or 2. This 
failure of one of our assumptions need not much affect 
the total cross section for photodisintegration, for this 
has been measured in terms of the mesonic disinte- 
gration, which has similar angular momenta in the 
intermediate state. The S-state assumption would have 
to be abandoned if one were to consider phase differ- 
ences between the two nucleons. However, the calcu- 
lation then would become very much more complicated 
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At this point it is relevant to remark again about the 
intimate relation between the angular distributions for 
mesonic disintegration and photodisintegration. This 
relation does not involve the question of the orbital 
angular momentum of the intermediate state, but relies 
only upon the broad features of the model, and upon 
the similarity of roles of the meson momentum and the 
y-ray polarization. (The latter similarity breaks down 
at high energy.) An angular distribution peaked near 
90° thus is to be expected as soon as one notes the 
strong fore and aft peaking of the mesonic absorption 
cToss section. 

One other failing of our result is the restricted energy 
range over which it is known, a consequence of the 
limited range of even the recent data for x*+d—2p 
This range might be extended, both to higher energy 
and down to and below meson threshold, by 


going 


outside the model and introducing theoretical ideas 


about the energy variations of II, 2, 7 


VI. PROTON-PROTON SCATTERING 


Within the limitations of the model 
calculate nucleon-nucleon scattering in the 
Utilizing the standard definition of 7, as 


Sec. IV, the transition matrix is seen to be 


we can only 
Dz state. 


given in 


M (p+ ppt p)=(DYITV 2 (MW) V2 o(kek’ 37 
The cross section follows as 
da(p+p—p-+ p) [ 2x/4hv(2n) log (2n)| D’|-*T* 
«TV 20(1)¥2o(k-k’) PdQ/4r, (38 
=(25/512xh [ pe(2n)/v(2n) | 
x | D’|*T*(3 cos*®—1)*7dQ/4e. (39) 


The factor (1/4) appearing before (38) is the relative 
singlet statistical 


states. Upon integrating (39), 


weight, among the incident spin 
a(pt+ ppt p) 


| 5/1289rh || pe(2n)/2(2n) 


I‘ p y 40)) 
81 tle pe(x) 1 D’\?07(x*+D) 

2560 JLv(2n) ILpe(2n)1' D'? o(x*+P) 

is at its largest, it 

microbarns for the total 


Even near resonance, where (41) 
only gives a value of eight 
cross section. Evidently, this is insignificant, in com- 
parison with the experimental value of 50 mb. 

The calculation given here for o(p+p—p+p) is 
more an exercise than a practical application of the 
model in nucleon scattering. Even if the isobar domi- 
nates in nucleon scattering, the simple approach used 
in this paper must be inadequate. For this scattering 
process, even more than for the deuteron photoeffect, 
one must consider other than S relative 
motion of the two nucleons in the intermediate state. 


This has the consequences: (1) of invalidating the 


states of 
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angular distribution of Eq. (39); (2) but even more 
importantly, of permitting nucleon isobars to be formed 
from other than 'D, incident states, so making possible 
considerably larger contributions to the scattering cross 
section. It is not obvious what is the best way to 
extend the simple model so as to include nucleon 
scattering, although related studies have been given 
by other authors." 


VIL. CROSS SECTION REDUCTIONS, ALSO 
NUCLEON COMPTON EFFECT 


The difference between D and D’ [see Eqs. (7) and 
(24) ] has not been important in the earlier sections. 
We now study this difference, so as to find a correction 
to the impulse approximation treatments of such 
reactions with the deuteron as y-ray scattering, photo- 
pion production, and meson scattering. 

The difference between D and, D’ lies solely in I’ 
being greater than I’, because of the existence of the 
collision channel for two nucleon systems. The ratio 
(!’—I)/f is simply the ratio of the probability of 
collision decay to the probability for decay by meson 
emission (radiation being negligible). A convenient 
measure of (I’—T)/T is 


I’—l o(y+d—n+p) 
dicate innate —, (42) 
3 2a(y+p—r'+ p) 


the two cross sections in (42) providing similar initial 
conditions for isobar formation, but a choice of modes 
of decay. The factor 4 in (42) corrects the x° photo- 
production to a two nucleon situation. Upon elimi- 
nating deuteron photoeffect in favor of our primary 
cross sections, (42) becomes 


’"—-l 9 o(xt+d—2p) 
~ -— -, (43) 
r 8 o(x*+ p—at+ p) 


Equation (43) predicts that I” is about ten percent 
bigger than I. 

Thus at resonance we find the two-nucleon cross 
sections to be reduced by factors somewhat like those 
which are observed.'? However, the whole effect is 
limited to the resonance region, for outside this region 
(E—E,) dominates both in D and in D’. It should be 
remembered that the applicability of the above result 
is limited to the domain of applicability of the isobar 
model. 

The present section is a suitable one in which to give 
passing mention to Compton effect. Corrections to this 
for the deuteron are described above. However, 
the isobar prediction for Compton scattering from a 


“ For example, see J. Iwadare, Progr. Theoret. Phys. (Japan) 
9, 94 (1953); F. T. Solmitz, Phys. Rev. 92, 164 (1953); Thaler, 
Bengston, and Breit, Phys. Rev. 93, 644 (1954). 

Reductions of up to twenty percent were described by G. 
Bernardini in a lecture given at Columbia University. Also see 
Bethe and de Hoffman Mesons (Row, Peterson and Company, 
Evanston, Illinois, 1955), footnote on p. 165. 


effect 
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single nucleon does not seem to have been published 
elsewhere. The calculation yields 


da (y+ p—y+ p)= (2x he)px(y)| D| a 


X (4+ ¥ cos’#]dQ/4e, (44) 
and 
9/E\*? 0? (y+p—r' +p) 
o(yt+p—rt+p)= (-)° (45) 
2\qc/ o(xt+ p—at+ p) 


Too much trust should not be put in (45). The direct 
y ray scattering by the proton charge certainly also 
occurs, and does interfere with the scattering via the 
isobar. The angular distribution in (44) is just the 
average on polarizations of [1+3(u-u’)*]. 

The cross section of Eq. (45) is graphed as Fig. 7. 
The limited range in energy of the x*+d-+2p input 
cross section prevents carrying this curve past its peak, 
which seems to occur near 350 Mev. However, at the 
peak Fig. 7 shows the quite large cross section of 3 ub. 
It might be noted that the total cross section of Fig. 7 
is not in too bad disagreement with some tentative 
predictions which were guided by causality ideas,” 
although the angular distributions are rather different. 


VIII. CONCLUSIONS 


Among the two-nucleon processes treated in this 
paper the only one in which the isobar model gives 
important effects, beyond impulse approximation, is 
deuteron photodisintegration. Here the model gives 
such good agreement with experiment as to lend support 
to the further elementary use of the isobar, as in this 
paper, as a universal intermediate state in high-energy 
nucleon interactions. 

Note added in proof —The same result for deuteron 
photoeffect has also been presented to B. T. Feld 
[Nuovo Cimento 2, 145 (1955)] in a paper which 
appeared after the completion of the foregoing work. A 
detailed comparison of (36) with the corresponding 
formula of Feld is facilitated by noting that o(#°+p— 
r+p)=4 9a(x*++ port+ p) and a(n +d—n-+ p) 
=g(x++d—p+p). Professor Feld has informed me 
that he has also since carried his investigation beyond 
the simple model, considering many of the deficiencies 
of this model which are indicated in my paper. I am 
grateful to him for calling his work to my attention. 
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APPENDIX 


The coefficients ( -m, m’|2, m+-m’): 
\2) ’ ’ | / 


m j } 4 —{ 

| m’\—> 4 
} 1 Vi Vv} Vv} 
ae vi V4 Vi I 


m j 5 } } 
| m’ Fes Jaa " “a 7 
} 0 Vi Vv} vi 
-4 vi v4 Vi 0 
The coefficients (1, 4; m, m'|%, m+ m’) 
m | 0 1 
| m’\— 
} q V4 v4 
“J v4 v4 l 
Also 


| ¥s0l2= (5/16n)(3 cos’@—1)" 
| V241/?= (15/82) sin6 cos’#, 

| ¥1,0|?= (3/42) cos, 
Vs, 41/*= (3/82) sin”. 
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Three-Body Contributions to the Triton Binding Energy 


Evy M. Gevparp*t 
Department of Physics, University of Chicago, Chicago, Illinois 
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A variational calculation shows that the central part of the Lévy potential is not sufficient to bind the 
triton. One finds a bound S-state wave function only if the coupling constant is increased appreciably. Using 


; 
] 


wave functions determined in this way, the author has computed the binding energy contributed by five 
three-body terms, derived from the ps—ps theory. Results of this calculation indicate that the so-called 
“leading” three-body term is not the dominant term, even if damping is taken into account. The total 
contribution of the potentials considered here is attractive, not repulsive. 





lL. INTRODUCTION 


YALCULATIONS of the triton binding energy have, 


4 in the past, always neglected the effect of many- 
body forces 
forces follows from the ps— ps 


fact, been suggested by Wentzel* that many-body po- 


+ However, the existence of many-body 
It has, in 


meson theory 


tentials are largely responsible for the saturation of 


ilations by Drell and Huang® 
seem to support this conten But the 
ind Huang are only valid for 


5 * 


nuclear forces. Recent cak 


tion 


approxima- 


tions in the work of Drell 
heavy nuclei. In view of the importance attributed to 
many-body forces in heavy nuclei, we propose to in- 
vestigate the contribution of three-body forces to the 
binding energy of the triton. In this case, also, three- 
body forces may be of considerable importance 


Despite difficulties which have been pointed out by 
Klein*® and 
Lévy theory 
the ps— ps theory in general, and in the Lévy theory in 
particular, an of the three-body 


others, we adopt here the point of view of the 


7 Because of the uncertainties inherent in 
accurate evaluation 
contribution is impossible. Even the treatment of the 
two-body problem is not free of ambiguity. Only the 
order of magnitude of the three-body effects can be 
determined 


We shall 


tential which are of 


those terms in the tl ree-body po 


1 
lect 
select 


lowest order in the coupling con- 
Stant, G, Vy It will be as- 


sumed, in the spirit of the Lévy theory, that these are 


and in the mass ratio, u 


the most important three-body terms, though our re- 
sults will show that the validity of this assumption is 
questionable. In fact it is not at all clear that the series 
of three-body potentials converges. 

It seems reasonable to assume, here, that the two- 
body potential is mainly responsible for the binding of 


the triton. Since the accuracy of our results will neces- 





* Partial fulfillment of requirements for Ph.D 
¢ Present address: Westinghouse Electric Corporation, Bettis 
Field, Pittsburgh 30, Pennsylvania 

1 E. Gerjuouy and J. Schwinger, Phys. Rev. 61, 138 (1942) 


* T.-M. Hu and K.-N. Hsu, Phys. Rev. 78, 633 (1950 
*R. L. Pease and H. Feshbach, Phys. Rev. 88, 945 (1952). 
4G. Wentzel, Helv. Phys. Acta, No. 5, 569 (1952 


‘SD. Drell and K. Huang, Phys. Rev. 91, 1527 (1953) 

*A. Klein, Phys. Rev. 89, 1158 (1953) and Phys. Rev. 90, 1101 
(1953 

7M. Lévy, Phys. Rev. 88, 725 
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sarily be limited by theoretical difficulties, the two-body 
potential alone may be used to determine the triton 
wave function. This function then gives the expectation 
values of the “major” terms in the three-body potential. 
Specifically, the two-body Lévy potential will be used to 
determine the wave function. We shall adopt, also, 
Lévy’s value of the core radius and of the coupling 
constant, though larger values of the coupling constant 
will also be considered. The effect of the hard core on the 
wave function must, of course, be taken into account. 
One of the three-body terms is of sixth order in G, and 
zeroth order in the mass ratio. Though smaller powers 
of G do occur, these are always associated with higher 
powers of the mass ratio. Therefore this particular term 
is usually referred to as the “leading” term. Of the 
three-body terms considered by Drell and Huang, the 
leading term is by far the largest in absolute value. 
Now, the leading term depends only on the distances 
between nucleons. For this reason one may argue that it 
is primarily the S-state wave function which determines 
the magnitude of the three-body contribution. An 
attempt has been made to find an appropriate S-state 
function by means of a variational calculation. For this 
purpose, the central part of the Lévy potential was taken 
as the two-body interaction. The form of the trial 
function (with no D-state admixture) and the details of 
the calculations will be discussed below. With Lévy’s 
value of G, it was found that none of the trial functions 
give any binding energy at all, though functions with as 
many as five variable parameters were considered. It 
does not necessarily follow that this particular hard core 
theory is unsatisfactory. Quite possibly the binding 
energy of the triton is supplied by the tensor forces. 
Our procedure, then, does not give the form of the 
wave function. One can, however, establish a reasonable 
range of values for the parameters in the trial function, 
by a procedure to be described in Sec. III. Contributions 
of various three-body terms have been computed for 
this range of values. Within this range, the ratios of the 
computed expectation values do not depend critically on 
the wave function parameters. It is possible, therefore, 
to determine which terms are large and which are small, 
and to arrive at some conclusions which will be inde- 
pendent of the exact form of the function. We shall also 
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attempt, in various ways, to compare the two- and 
three-body contributions to the binding energy. 

The effect of some of the higher order terms has been 
discussed by Brueckner, Gell-Mann, and Goldberger.’ 
This so-called “damping” effect modifies the Lévy 
potential. If one takes damping into account, the 
effective value of the coupling constant in the G*-term of 
the two-body potential is diminished. Using a different 
approach, Wentzel has arrived at essentially the same 
conclusion.* A potential, modified by the damping 
effect, has been introduced by Jastrow.’® We shall dis- 
cuss here, briefly, the modified Lévy potential which 
Jastrow uses, and the corresponding effect of damping 
on the three-body potentials. 


Il. S-STATE WAVE FUNCTION 
A triton wave function, satisfying the Pauli principle, 
may be written in the individual particle form: 
¥ (123) = (1/v3)[(12,3).V (1). (2) P(3) 
+(23,1)N(2)N(3)P(1) 
+-(31,2) NV (3)N (1) P(2)]. 


Here #(ij,k) is a function of spin and space variables, 
antisymmetric with respect to the nucleon pair (t,7). It 
can be shown that (123), 
component of a pure charge doublet state if 


so defined, represents one 


(12,3) +(23,1)+(31,2) =0. 1) 


We take, for the function #(ij,k), the product of a 
space-dependent factor ¢, and a spin-dependent factor, 
S. Further it is completely 
symmetric, and represents an S-state. The spin function, 


will be assumed that ¢ 


then, must be antisymmetric with respect to an ex- 
change of neutrons, particles i and j, in this case). We 
must write: 


S(ij,k) = (1/V2)fa(i)8 B(i)a la k), 


or 


cr 


J5(17,k) = (1 v2)[ a(i)8(7)—B t)a( 7) BCR). 

No other eigenfunctions of the z-component of spin are 
antisymmetric with respect to the neutron pair, and 
invariant with respect to space rotations." It is clear 
that our wave function satisfies Eq. (1). 

There is actually another term, symmetric in the 
neutron spins, which may be included in the S-state 
wave function. However, Feshbach and Rarita™ find 
that this second term adds only 0.4 percent to their 
computed binding energy. Furthermore, the two S-state 
functions are coupled through the agency of the tensor 
forces alone. Since we are neglecting tensor forces, we 
shall also neglect the spin-symmetric term. 

* Brueckner, Gell-Mann, and Goldberger, Phys. Rev. 90, 476 
1953). 

G Wentzel, Helv. Phys. Acta 15, 111 (1942). 

” R. Jastrow, Phys. Rev. 91, 749 (1953). 

i Gerjuouy and Schwinger’ list the various triton spin functions 


'? H. Feshbach and W. Rarita, Phys. Rev. 75, 1354 (1949) 
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As a trial function we take, first: 
¢(123) = u*(r12—F0) (r'23—To0) (731 —To) 


Xexp[— hou (r+ Fat rs) | 





= ¢(12)¢(23)¢(31), 


for ris, Tes, T21>7o, and ¢(123)=0, otherwise. Here ro is 
the core radius, w the variable parameter. The function, 
as written above, is not normalized. Normalization con- 
stants will be computed in the next section. It will be 
noted that the wave function vanishes for small 
internucleon distances, in conformity with the require- 
ments of the hard core theory. 

When a better approximation to the true wave 
function is desired, linear combinations of such trial 
functions, with different values of w, will be used in the 
variational calculation. One may object that the wave 
functions, as we have written them, do not have the 
correct asymptotic form.” Such trial functions have, 
however, given fair results in earlier calculations?# 
Furthermore, we shall be interested, primarily, in rela- 
tions between expectation values of the various three- 
body potentials. Relations between these expectation 
values should not depend critically on the asymptotic 
form, because of the short range of the three-body 
potentials. 


Ill. EXPECTATION VALUES, SINGLE TERM 
WAVE FUNCTIONS 


It will often be necessary to evaluate integrals of the 


form: 

n) « ror+ rai 

I f dx f dzu f f (12,%23,%31)dX42, 

ro ro L 

where 
Yo= puro, Xij= pV ij. 

Here L is the larger of the quantities x, | x3;—223|. For 
convenience we shall abbreviate the limits in such 


integrals: 


I f A (%12,%23,%91)dxy2d 2, yd X 3) (2) 
V 


The integral may be split into four terms: 


T=I9—1,—1,—Ts, (3) 


« “ ” 
dn f drm f AX 12 f (X12,%29,%a1), (4) 
rg ro 
2 * 
dx f def j €12,X25,%31)dXq3, (5 
“2 Zizt 23 


x « - 
I: f dss f ds f A ¥12,%23,%91)dX1, (6) 
26 ro Tit? 725 
= «= . 
I,= f da af dn f {(Xy2,%29,%9)dxy. | 
Pa z rate 


4G. Morpurgo, Nuovo cimento 9, 461 (1952) 


where 


~ 
—_ 


Vv 
~~ 
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In evaluating J», we treat the variables of integration as 
independent variables. Because of the nature cf the 
limits in the integral J, these variables must, in fact 
represent the lengths of sides of a triangle. Regions 
where X19+ X23— X3; <O, OF X)2— Xogt-Xq, <0, OF — X124+-X23 
+-23;<0 do not contribute to the integral 7. Therefore 
contributions from these regions (the integrals J,, 72, and 
7,) must be subtracted from /». Note that no two of the 
preceding inequalities can be satisfied simultaneously. 

We turn our attention, now, to the normalization 
integral. We shall take, first, a wave function containing 
only one term and, therefore, only one variable parame- 
ter w. After evaluating spin and charge matrix elements 
we get, for the normalization integral? 


é. 
V ic 12) ¢(23)¢@ 31) 
yu? Vv 


The value of the constant, C, need not concern us here. 
We see that the normalization integral has the form (2). 
It may be split into four terms, as above, and evaluated 


Ly 2X9g%X gb X 2d X 29d X4. 


exactly. 
For the potential, we take the central part of the 


Lévy potential : 


rs 


2 2 
,; K(x.) | / 7. 
ie 2MLx 
idy pointed out, many unsatisfactory 
features remain in the Lévy treatment of the two-body 
problem. In particular, the form of the two-body po- 
tential has not been clearly established. But it is the 





As we have alre: 


essential properties of the Lévy potential which we are 
interested in, namely, the presence of a very short- 
ranged component, and the hard core. Since the parame- 
ters in the original Lévy potential have been fixed 
through previous calculations,’ we shall use the po- 
tential in its original form here, and throughout most of 
the work that follows 

Again, after computing spin and charge matrix ele- 
ments we find for the expectation value of the two-body 
potential 


( 3 
(V ~ ( ) f Coare 23)¢ 
VAut] Jy 


> 


<P 3U (xy2) + W (x2) [epetea td xyedxagdxy), 


where V is the normalization integral. The above ex- 
pression represents the contribution of all three nucleon 
pairs to the potential energy 
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While the potential integral cannot be evaluated ex- 
actly, it can be approximated with good accuracy by 
means of a simple device. We plot the function x;2W (x2) 
on semilog paper for xo< x:2< 2.5. Within this range the 
function is analyzed, graphically, into a sum of three 
exponentials. We shall not describe this analysis in 
detail. The same procedure is sometimes used to de- 
termine the half-lives of elements in a mixture of 
radioactive materials." 

The function W (x;2), then, is represented as a series of 
Yukawa potentials. Since U(x) is already a Yukawa 
potential, all integrations may now be carried out 
exactly. 

Our analysis of W (x2) gives: 


Xy2W (xy2)1.533e7?- 87812 


oa 13.68¢ ~6.216z194 72.97 ¢ 13-37 212, 


If one uses this approximating function, the error in the 
potential 3L/ (x,2)+W (x2) is no greater than 2 percent 
for x;2<2.5. Over most of this range, the error is con- 
siderably smaller, but it increases for large distances. At 
x,2= 3, for instance, the error reaches 3 percent, but the 
potential has dropped to one ten-thousandth of its 
maximum value (i.e., its value at x:2=29). Since the 
wave function should also be small for such large 
distances, the contribution to the expectation value 
from regions where x;2>2.5 should be negligible. The 
exact and approximate potentials appear in Table I. 


TABLE I. Two-body potentials, Vg (exact) and V4 (approximate) 
as functions of x.* 











Pf Ve Va % Error 
0.38 1544 153.6 —0.48 
0.40 127.9 127.6 —0.19 
0.45 82.63 82.80 0.21 
0.50 55.61 55.75 0.25 
0.55 38.54 38.70 0.42 
0.60 27.46 27.56 0.38 
0.65 20.00 20.06 0.30 
0.70 14.84 14.86 0.17 
0.75 11.19 11.19 0.067 
0.80 8.555 8.552 —0.034 
0.85 6.626 6.619 — 0.098 
0.90 5.190 5.183 —0.12 
0.95 4.107 4.108 0.021 
1.00 3.280 3.280 0.010 
1.05 2.642 2.646 0.14 
1.10 2.145 2.151 0.31 
1.30 0.9980 1.011 1.3 
1.50 0.5096 0.5196 2.0 
1.75 0.2449 0.2494 1.8 
2.00 0.1298 0.1307 0.69 
2.50 0.04560 0.04469 —2.0 
3.00 0.01952 0.01894 —~3.0 


Va =— +(9.7) 


= x 


{1.S33e~* 9% +12 Ghe~4-28s +72. 97¢-18.318) | 


Ve and Va are proportional to the exact and approximate two-body 
potentials, respectively. 

“ See, for instance, D. Halliday, /ntroductory Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1950), p. 33. 
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Again the integral to be evaluated splits into four 
terms [see Eq. (3) }. One of these has the form: 


n= f dn f das f [3U (x12) + W (x12) ] 
zo 0 2237 231 


[ (12) (23) ¢(31) Pxisrestardxie 


[see Eq. (7)]. Since the potential is small for large 
values of x12, this term should be small compared to the 
other three. It has, therefore, been neglected. A rough 
estimate shows that the resulting error is less than 3 
percent of the expectation value of the potential. The 
term we have discarded is positive. Consequently the 
above approximation gives a potential energy which is a 
little too large in absolute value. The error in the ap- 
proximating function, f{x,2), which we have inserted in 
the integrand has just the opposite effect for large 
values of x1». 
The kinetic energy may be written in the form: 

K.E.=—(1 


2M)((¥ 12-23)? 


+ (V2s— V1)? + (Ws1— Fiz)" ], 


since A= 1 in our unit system. For the expectation value 
we have 


Cs 
J rorers (123) 
NM vy 


V2 WV (123) driedrosdr5y, 


(K.E.)=—- 


X(V12- Fie 


if one notes the symmetry of the wave function. Here 


V 12° V2: + 
X 9X OX 2 OX 
eee) 00@a 
2 X12%03 X12 Xo3 
Hence: 
K.E.)= —K,+K.—K,, (8) 
where 
Bid 
K,=— ff sxuLe(12)0(23) 00) 
N Mut Jy 
ae ’ 
x xyof (12) (23) —(31) \dxyedxerdxs,, (9) 
Ox, P 
S 2 
P — f= 2(12)¢(23 ¢(31)] 
N 2Myu' 4y 
re) fe] 


¢(31) \dxixdxedxy,, (10) 


OX12 OXa; 
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Fic. 1. Potential and kinetic energies as a function of wxo. See text 
for fuller explanation, 


C2 
eat f rst o(12)¢(23)9(31)] 
N Mutdy 

0 0 
x 


me. 


-g(12) ¢(23) ¢(31) J0x120x2:0x4:. (11) 


Ox 12 OX» 3 


All these integrals may be evaluated exactly. 

Figure 1 shows the results of the above calculation for 
single term trial functions. Curve I represents the kinetic 
energy, plotted as a function of wxo. Curve I is a plot of 
the absolute value of the potential. It will be seen that 
the trial function gives no binding energy for any value 
of the parameter. If one plots the difference between 
curves I and II, the resulting curve shows neither a 
minimum, nor even an inflection point. 

Postponing the discussion of refined trial functions, 
we consider next a modified two-body potential, intro- 
duced by Jastrow."® In accordance with recent criticisms 
of the Lévy paper,* Jastrow omits, from the two-body 
potential, the term in [K,(x:2) ?. Two central potential 
terms remain: 


G?\ (41° #2) (@1-@2) e7™ 
y (2 (xu)=u(- ) (- -) x sachet be 
2M 3 £19 


: (x12>%o) 
; vt 27G*\? 2 K 1 (2x42) 
— V‘ (x49) -—3u/ )( ) —_, (x12> Xo). 
2M 4x Tr X13" 
The damping effect, discussed in the introduction, 


should diminish the relative importance of the second 
term.*-* For this reason, a factor a<1 is inserted before 
the potential V“°, The central part of the two-body 
potential then becomes: 


V (x49) = V2 (x12) —aV 4 (x49). 
Parameters in the above expressions are chosen to fit 
various two-body data: 


a=}, G/4r=16, x.-:=0.61, x,.,.=0.40. 


Here x,; and x,, are core radii in the triplet and singlet 
states, respectively. 
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Taste II. Kinetic, potential, and binding energies for various 
coupling constants and trial functions. All energies are given in 
terms of the measured binding energy of the triton, 8.49 Mev. The 
trial function is given by the expression y= {(wete) +4:/ (wire) 
+41f (ws%s). 











O/4e K.E P.E. B.E. oe “ @: a: Xi0 a:Ki0e* 
118 14.07 15.00 0.93 17 O07 ~ O8 0 
11.5 11.68 11.95 0.27 17 07 ~ 1.2 0 
11.3 9.17 910 —-007 17 07 O03 1.46 0.2 








Using a two-body interaction of this form, we have 
calculated the potential energy for various values of w. 
For a and G, we have taken Jastrow’s values. However, 
in order to make use of our previous results, we have 
assumed the same core radius, x»= 0.38, for both triplet 
and singlet states. Again, the term V“*° (x,2) was repre- 
sented as a sum of Yukawa potentials. Curve III, in 
Fig. 1, isa plot of the magnitude of the potential energy 
against wx». Here, also, one finds no binding for any 
value of w. In fact curve ITI lies below curve II over the 
entire range for which integrals have been computed. 
For larger core radii the absolute value of the potential 
energy should be even smaller. 


IV. REFINED TRIAL FUNCTIONS 

So far we have considered only simple trial functions, 
containing only one variable parameter. The single term 
trial function gives no binding energy. We wish to 
determine whether it is possible to construct a linear 
combination of such functions (with various values of 
w) which does give binding energy. For this purpose we 
have adopted the following procedure. 

The coupling constant is increased so that G*/4r 
= 12.2. Now the variational calculation described above 
is repeated with this larger value of the coupling con- 
stant. For the optimum value, wo, of the trial parameter, 
the binding energy so calculated is greater than the 
measured binding energy of the triton. The single term 
trial function containing this parameter will be called 
f (wore 

Terms are then added to the trial function one by one. 
As a next approximation we take 


F,= f (woxe)+ a;f(wXo), 


and vary a; and w, so as to maximize the binding energy. 
Finally, 
F,= f (wore) +41f (wite)+a2f (wero). 

Keeping wo, a; and w, fixed at their predetermined 
values, we vary a; and w; separately. A small readjust- 
ment of all parameters will then improve the binding 
energy slightly. As a check, the entire procedure is re- 
peated with a slightly higher, and a slightly lower, 
initial value wo. In either case the binding energy 
diminishes. 

Now the coupling constant is gradually reduced, while 
the wave function is modified to keep the binding energy 
at a maximum. 
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Results of the calculation are summarized in Table IT. 
For G*/4r= 11.8 and G*/4r= 11.5, we list trial functions 
with only two terms, since the addition of a third term 
does not increase the binding energy appreciably. The 
table shows that all binding energy disappears for 
G/4r= 11.3. The wave function listed for G?/44r=11.3 
minimizes the excess of kinetic energy. We find, then, 
that no linear combination gives binding energy for this 
value of the coupling constant, even if the (presumably) 
repulsive three-body forces are ignored. Possibly it is 
necessary to raise the coupling constant from G*/4r=9.7 
to G*/4r=11.8 simply in order to compensate for the 
neglect of tensor forces. 

It will be seen that the quantities a; and a2 are very 
small. The energy and normalization integrals, however, 
increase very rapidly as w decreases. For this reason, all 
the terms in the trial function are significant. 


V. LEADING THREE-BODY TERM 


The leading term in the three-body potential has the 
form®:"* 
12\%u 
ge- — —Ki[x12+-%23+221 ]. 


X12% 23X31 F 





Here \= (G*/4r)(u/2M) if the damping effect is neg- 
lected. At this point we wish to calculate the expectation 
value of V3, using single-term trial functions, for various 
values of w. After computing spin and charge matrix 
elements, we find: 


i2\* 
Vem f  o(12) (23) (31) } 
: 


p? 


. 
x —K i xy2+X23+-%91 |dxy2dxo9dx51. 
- 


In order to evaluate this integral, we express the Hankel 
function as a sum of exponentials: 


(2/#)K iL xi2+%23+%01 )= (2/x) Ki LS] 

~0.925¢71 1985+ 2.25¢- 3.07? 5-4 10.0 e-10-375, 
The error in the approximating function is less than 1 
percent for S<3.5. We insert this approximating func- 
tion into the integrand. The resulting integral may now 
be split into four terms, as in the previous calculations. 
These four terms have been evaluated exactly. 

We have calculated the contribution of the major 
three-body term, using single-term wave functions, for 
several values of w. The results (for G*/4r= 11.8) appear 
in the first column of Table III. Now, the refined trial 
functions all contain the term /(1.7). No higher value of 
wo occurs in any of the functions, for any value of G. 
For this reason we confine our attention to the range 
wxo<1.7. It will be seen that the contribution of the 
leading term is significant when wxo> 1. 


 G. Wentzel, Phys. Rev. 91, 1573 (1953 
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One may also use the refined wave functions to calcu- 
late the three-body contribution. Since the leading term 
is repulsive, it will reduce the magnitude of the potential 
energy. For G?/4r= 11.8, the potential energy is dimin- 
ished by 16.9 percent of the two-body contribution, to 
12.5 times the measured triton binding energy. The 
wave function listed in Table I then gives no binding. In 
fact, if energies are written as multiples of the triton 
binding energy (8.49 Mev), the kinetic energy exceeds 
the absolute value of the potential by 1.6. 


VI. THREE-BODY TERMS V,,, Vis, AND V;. 


We consider, now, the minor three-body terms dis- 
cussed by Drell and Huang. Following the notation of 
Drell and Huang, we cal! these terms V3, V 3s, and V.."* 


uw (#223) (@2: Fie) (@3° Tis) 1 1 
Vie= =| — —— (1+—)(1+—) 
M T1713 X12 X31 


e (212? 231 


po — 


+symmetric terms | 
X12%31 


Averaging over all orientations of the three-nucleon 
triangle, we get, for the ‘‘central” part of the interaction: 


iT (29° 5) 02°03) (fy2° Fis) 1 1 
ronits (ut (ut) 
M 3 X12 X31 


eo (zist eat 
x —_ 


+ symmetric terms 
X19%31 


Now fio: fis= (212? +-X31?— X23") /2x12%31. Because of the 
symmetry of the wave function, the terms 212°/2x,2%3 
and 23;?/2x;2x3; contribute equally to the expectation 
value of V3‘, which is given by the expression: 


C 3x 
Ty 28 f Ce(12)0(23) o(3)F 
N Mus vy 


2X27 — X23" 1 ] 
LEN) 
22% 12% 31 Xie X31 


Me sais set X94 X 9d X23dX3 


for single-term wave functions. Note that the potential 
V3, contains two terms, in addition to the term ex- 
plicitly written. This accounts for the factor three in the 
above integral. 

As in our preceding work, we split the integral into 
four terms. From tabulated values of the exponential 
integral, Jo and J, [see Eqs. (4) and (5)] may be 
evaluated without great difficulty. An accurate compu- 
tation of J, and J; would be laborious. Because of the 
effect of the potential, however, J; and J; are small 

1 Drell and Huang give derivations for these terms. The 


potentials V3. and V» (not Vy. nor Vy4, however) have also been 
derived by A. Klein.* 
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Taste III. Contributions of the various three-body terms, 
computed with single term wave functions. Each entry represents 
a percentage of the two-body potential energy. A negative sign 
indicates that the potential is attractive. Uncertainty in last col- 
umn is negligible. These results were computed with G*/4r= 11.8. 











wxe (Va) (Veet) (Va) (V we*) (Vesa) 
1.0 6.7 ~ ws —3.2 ~ —9.3 
1.2 9.7 a —2.5 —6.6-—7.0 ~ —14 
a. oe —3.2+—3.4 —14-+—15 —1l1l-+19 —30 








compared to J» and 7,;. Accurate values of J; and J; are 
not required. We have computed upper and lower limits 
for these latter quantities. As an example, we discuss the 
treatment of the integral J». 


I,=1,4—1,%, 


r= f den du f [:o(12) (23) (31) } 
tr zo tint 223 
2x12" 1 1 
x— (1+—)(1+—)e (ute den, 
2x 12%31 Xie X31 
rem f dss f azn f [ o(12) ¢(23) (31) ¥ 
ro ro 712m 


X23" 1 1 
X<-— —(1+—)(1+ - ‘)e (sista dys, 
2x 12%31 X12 va 


We may write: 


x = 


=f flaeu)den f g(X23)dxes 
ro 70 
xf -( 1+ ~) (en) (orb endy,s), 
zirt ons X31 X31 


where f and g are larger than zero. Let x12+23=5S. 
Consider the integration with respect to x4): 


a 1 
f (: + )x—aor totiadg 
s x x 


1—2x5+S 1 
soceriomninmsnesiceiniaiieal 

w+ (w-+-1)? 
— (wxg?+ 2x9) Eil—- (w+1)S] 


= (etl 8 





xere (et) 8 


4-—_—__——= A—B+C. 


Suppose wxo= 1.7, Direct calculation shows that A/1.72 
<A-—B+C<A for 2x<S<@. If we neglect B and C 
in computing /,4, we shall get a result which is too 
large, by a factor 1.72 at most. Thus we get an upper 
and lower limit for /;4, and similarly, for J;”. The 
integral 7, has been treated in the same way. 
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We find that the expectation value of V;, is negative, 
and lies between 3.16 and 3.55 percent of the two-body 
potential energy, for G?/4e= 11.8 and wro= 1.7. A rough 
calculation shows that (V;,°)=2.5 percent of the two- 
body contribution when wxo= 1.2. Since the term V;,° is 
small, more accurate values will not be computed. 

For the second of the above three “minor” terms we 
have: 


=) 


* 
2 


ea earve ree 


M rm 


ge (mist east za) 


x———_, 


Xi2%o3% a1 
Ou? | Fiz" Fis 1 1 
. (1+ (1+ -} 
M | TiS is X42 X23 


e (212+ 723+ 23) 


+symmetric terms } 
18 C 
—)\i— J C5cr2 
Mu‘ V V 


1 1 
x( 14 )(1+ ). mist aart a dx dXesdXa1, 
X12 X24 


for single term wave functions. 

The integrals which occur in (V3.°) and in (V,) are 
very similar, and essentially the same procedure may be 
used to evaluate both quantities. The results of these 
two calculations, however, are considerably different. 
One sees from Table III that (V3_) and (V3) do not differ 
greatly in absolute magnitude. In fact (V3,°) and (V3»), 
taken together, practically cancel the repulsive contri- 
bution of the leading term. 

Using the refined wave function, we find that the 
contribution of V3, is 13.6 percent of the expectation 
value of the two-body potential, when G*/4r=11.8. 
V 3.* contributes about 3 percent as much energy as the 
central two-body forces. Again, V3.* and Vy, taken 
together, practically cancel the leading term. 

The potential V;, is given by the expression: 


Vse=A* F (x12,%23) 
) 


[= ) (2° VF 23) (o2- F 23) 


-M 
+symmetric terms 
where 
F (x2,%23) = F 
Ko(%23)K,(2x,2) cm 1 ~ " 
tiie cninidinnn —__——-++ —__- — f xKo(x)dx 
x: Xo3 X12" Sars 


= Fi +F;. 
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After averaging out the tensor term, we find: 


? 6? 
Veo =— ——(#2- #3) (@2-03) (V 25° + 9 3° + VF 12") (Fit F:). 
3 eM 


Replacing the spin and charge operators by their 
expectation values gives 


6 2 


m1 
Vine = —\— (9 2+ 9 0° + 8 2") (Fi t+ F2) = Vit b2. 
rM 


We treat the term in F; first. Using well-known 
properties of the cylindrical functions, one can show 


that: 
W 23°Ko(%23) = Ko(X23) — (1/x23)K1 (223), 


6p? | 1 | Ki (2x12) 
V; = —\i—-- Ko(x23)— - ~K ; (x23) prea 
M | X23 | X12" 


( r 6u" G2(x23)G; (x12) 
= — )n wa 
4 M 


X23%12 
Through the analysis of a semilog plot, we get: 


a 2 K,(2x) a 
G,(x)= 0.767? $2 
rT x 

+-6.0¢->-'49*+- 36¢ i. = g, (x). 


Similarly : 


G2(x) = — (2/r)x{ Ko(x)— (1/x)K,(x)} 


4746-3602 — for 0.38<2<1 


£o\xX) 
(with an error of about 5 percent), and 


G2(x)<g.(x) for x>1. 

G(x) remains positive till x> 1.4. It is clear, then, that 
(V,)>0. To calculate an upper limit for (V;), substitute 
g, for G;, and g» for G2. Call the resulting potential »,. As 
in previous calculations 


(0m) =Io—T,—Tn— Ts, (v1)< Ip. 
Evaluating J, we find that (»;) is less than 3 percent as 
large as the magnitude of the two-body potential 
energy. (V,) must be even smaller. 

In order to calculate (V2), we make use of another 
approximating function derived, again, from a semilog 
plot: 


—[ eK P(x) FX0.528¢-1-*4= — 0230-4478, 
2 
T 


After substituting this approximating function into the 
potential V3, all the integrations may be carried out 
exactly. Using the upper and lower limits we have 
computed for (V;), and the value of (V) determined by 
the above procedure, we arrive at the following con- 
clusion: taking wro=1.7, (Vs) may be a repulsive 
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potential 1.9 percent as strong as the two-body potential 
(at most), or an attractive potential 1.1 percent as 
strong as the two-body potential (at most). Since this 
term is so small, we shall not discuss it further. 


VIL. Vie 


The ps— ps Hamiltonian transforms, by the method 
of Dyson and Foldy'’-'* into the following expression: 


H=(g/2M)o-¥ (2: ¢)o(r)+(g*/2M) ¢*o(r), (13) 


where p is the nucleon density, and ¢ the meson wave 
function. In a recent article on many-body forces," 
Wentzel discusses those potentials which arise from the 
quadratic, or pair theoretical, term alone. For a system 
consisting of three nucleons, the pair theoretical po- 
tential energy becomes: 


U;=—3(8ri)" g dete 


XIn[1 — (812+ 812? +823") + 28128208: }. 


Here §;; is a function of the distance r;;, and of the 
integration variable £ (see references 9, 15). Expanding 
the logarithm in increasing powers of the §’s (and each 
8 carries a factor X) one finds: 


Inf'1 — (812?-+-B13?+-Bes*) + 2812829813 | 
=In[1+x]=x—}x*+--- 
= — (B127+B13? + Bos") +2 (812829813) — 3 (B12*+-Bis! 
+823") — (81278 22° +823°B 12? +813°B 12") + °° -. 


Terms not explicitly written contain powers of \ higher 
than the fourth. 

The first and third parentheses above contain terms 
which give rise to two-body potentials. The term in the 
second parenthesis corresponds to the leading three- 
body potential. But the last group of terms leads to a 
three-body potential which we have not yet discussed. 
In Wentzel’s notation, this potential has the form: 


Via=— +symmetric terms. 


1 [*] K [2 (xy2+213) ] 


1 ome 
2x L4y rit13" 
Here \4 represents an “effective” or “reduced” coupling 
constant, smaller than the actual coupling constant Ap. 
This reduction in the effective value of the coupling 
constant is similar to the damping effect discussed in the 
introduction. If damping is to be neglected, we must 
also neglect the reduction factor, and replace A, by Ao, 
which is equal to 8x\/u in our notation. The potential 
becomes : 

16 K,[2(x12+21:) 

Via=——-A4 ——_———-++symmetric terms. 

2x X12°X 13" 








7 PF. J. Dyson, Phys. Rev. 73, 929 (1948). 
“LL. Foldy, Phys. Rev. 84, 168 (1951). 
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This expression contains three terms in all. Because of 
the symmetry of the wave function we have: 


. C 48 
(Vid =—-— —x f [ o(12) (23) ¢(31) F 
Ni2x Jv 


K,[2(x12+21) ] 
dr od x35), 


X12%31 


(2/m)Ki[2(a12+221) ]= (2/4) K [2S] 
0.610 e245 41 27 eA S 45 Sent -78 8, 


The error is less than 1.5 percent for S<3. Even when 
S=3.5, the error is only 2.2 percent. We substitute the 
approximating function for the Hankel function in the 
integrand above. The integral may now be written in the 


form: 
C 48 
(Via =—-— —LTo—I,--I2— 14). 
N 2 
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I, may be expressed in terms of tabulated functions, 
including the exponential integral. 7;, 72, and J; may be 
approximated by the same procedure which we have 
used in connection with the potentials V3, and V3». We 
show the results of this calculation in Table III. It will 
be seen that the expectation values (V 34) are greater, in 
absolute value, than the expectation values of the 
“leading” three-body term. 

Using the refined wave functions, we find that the 
contribution of the term V4 is 28 percent as large as the 
two-body potential energy, for G?/4r= 11.8. Again, the 
sum of V; and V4, is attractive, not repulsive. 


VIII. CONCLUSIONS 


We have seen that |(V3,)! is larger than |(V3)|, while 
|(V3)! is only slightly smaller than |(V,)|. This is true 
for a wide range of values of the parameter w, if we work 
with simple, single-term wave functions. We reach the 
same conclusion if we use the refined wave functions, 
taking 11.3<G*/4r<11.8. Therefore this conclusion 
seems reasonably secure, despite our uncertainty as to 
the exact form of the S-state wave function. We should 
stress, here, that damping has so far been neglected. 

In all calculations discussed above we have taken 
G/4r> 11.3. Such large couplirig constants were used to 
compensate for our neglect of tensor forces. But we have 
also computed expectation values for 9.7<G?/4r< 11.3. 
This was done by progressively diminishing the coup- 
ling constant, while adjusting the wave function pa- 
rameters to maximize the ratio of potential to kinetic 
energy. For parameter values fixed in this way, the 
percentage change, in kinetic or potential energy, re- 
quired to produce binding, is a minimum. We find that 
decreasing the coupling constant to 9.7 leads to no 
essential change in the relation between |(V3)|, |(Vss)|, 
and |(Vs4)|. 
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Fic. 2. Feynman diagrams for various three-body terms 


It appears, then, that the character of the “leading” 
term in the three-body potential gives no clear picture 
of the properties of the three-body potential as a whole. 
Since the three-body potential contains an infinite 
number of terms (some of which may also be large) we 
cannot even tell whether this potential is attractive or 
repulsive. The series may, in fact, diverge. There is no 
reason to believe that the “minor” terms are less im- 
portant in the other many-body potentials than they 
are in the three-body potential. We must, then, consider 
the sign, as well as the form, of all the many-body 
potentials as uncertain. 

At this point we note that the terms V3,, Vas, and V3. 
have been treated by Drell and Huang in their calcula- 
tion of the binding energy of heavy nuclei. The expecta- 
tion values of V3, and V3, are zero, within the frame- 
work of approximations adopted by the authors. These 
expectation values vanish because of the angular de- 
pendence of the potentials. In agreement with our 
results, Drell and Huang find that (V;,) is negligible. 
However, the potential Vy, is not considered in their 
calculation. Vs depends, explicitly, only on the inter- 
nucleon distances. The corresponding expectation value 
will not vanish; it may very well be larger, in absolute 
value, than |(V,)!, since this is true for tritium. If the 
attractive term Vag is included in the three-body 
potential, we may find that the many-body forces no 
longer produce saturation. 

A rigorous treatment of the damping effect may be 
expected to change this picture. Indeed, Wentzel’s work 
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Taste IV. Effect of damping on three-body potentials. Each entry 
indicates a percentage of the two-body potential energy. 
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on pair theory** indicates that the repulsive many-body 
terms predominate for large nuclear densities. The pair- 
theoretical potentials alone exhibit saturation prop- 
erties, even without a hard core. It appears, then, that 
the effects produced by higher order terms are an 
essential feature of the problem of heavy nuclei. 

Returning, now, to our discussion of the tritium 
problem, we find that damping influences the various 
three-body potentials in different ways. The diagrams in 
Fig. 2 may serve to classify the three-body potentials. 
We shall assume that the two-body potential V [see 
Eq. (12) ] carries a damping factor a. Then it follows 
from Wentzel’s discussion’® that every purely pair- 
theoretical potential (like V; or V34, for example) 
should be multiplied by a!*, where n is the number of 
double vertices in the corresponding diagram. It seems 
reasonable to suppose, here, that the same procedure 
will be roughly correct for the other potentials. Com- 
paring the various three-body terms with the leading 
term, we see that damping increases the relative im- 
portance of V3., Vss, and V3, while partially sup- 
pressing V 34. 

To make our argument more concrete, we have again 
taken G/4r=14, a=}, and xo=0.38. With these 
parameters we have computed the expectation values of 
the various three-body terms, each multiplied by the 
appropriate power of a. The results of this calculation 
are shown in Table IV. Increasing the coupling constant 
partially counteracts the effect of damping. As a result, 
both |(V3,)! and | are approximately equal to 

(V;)!. An increase in core radius will, probably, further 
decrease the relative importance of V34, because of the 
strong r dependence in this term. But, comparing the 
forms of V3, and V2, the author sees no reason to believe 
that an increase in core radius will drastically reduce the 
importance of the “minor” term, V 3». 
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Spin of the «+ Meson* 
B. T. Fexp, A. C. Opran,t D. M. Ritson, 
AND A. WATTENBERG 
Laboratory for Nuclear Science and Physics Department, 
Massachusetts Institute of Technology, 
Cambridge, Massachusetts 
(Received October 11, 1955) 


ALITZ' has pointed out the possibility of deter- 
mining the spin and parity of the 7+ meson by 
measuring the angular correlation and energy distri- 
bution of its decay products. This is a preliminary report 
ona study of the decay of 54 r* mesons. The events were 
observed by area scanning in a large emulsion stack? 
irradiated in a magnetically analyzed K-meson beam 
from the Berkeley Bevatron.’ The events were identi- 
fied by the decay scheme r*-+2x*+-2~-. The scanning 
efficiency was probably greater than 90%, since the 
observed K/r ratio was similar to that found by system- 
atic “‘on track” scanning 
The identity of the negative (odd) pion was estab- 
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Fic. 1. Experimental angular distribution of the di-pion, rela- 
tive to the direction of the odd pion, in the decay r*—+22+ 
lhe theoretical curves' are shown for possible r spins up to 3. In 
all cases, except spin 2, odd parity, and spin 3, even parity, only 
the lowest angular momentum deca} need be considered, 
In the 2(odd) and 3(even) cases, where two decay modes are of 
comparable probability, these have been weighted according to 
the appropriate Clebsch-Gordan coefficients and on the assump- 
tion that the only energy and angular momentum dependence 
of the matrix elements is through the angular momentum barrier 
penetration factors 
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lished by tracing the products of the decay through the 
stack to the end of their range. The relative angles of 
all three x mesons were measured; from these angles 
one obtains the angle of theoretical interest, 0, which is 
the angle of decay of the di-pion (2x*), in its own center- 
of-mass system, relative to the direction of the x~. The 
observed angular distribution is shown in Fig. 1, 
plotted in equal solid-angle intervals. The distribution 
appears to be isotropic. Also shown in Fig. 1 are the 
angular distributions theoretically predicted! for various 
spins and parities of the r meson. 

The energy of the x~ meson was determined from 
range measurements. In several cases, it was necessary 
to obtain the energy of the »~ meson by measuring the 
ranges of both + mesons and assuming a (Q-value of 
74 Mev.‘ 

Figure 2 is a histogram showing the distribution of the 
energy of the x~ mesons. If the spin of the r meson were 
zero, the energy distribution should be symmetric 
about the midpoint «= 4, where e= E/ Emsx<=E/50 Mev, 
provided that the matrix element is energy-inde- 
pendent; specifically, the #~ mesons would have an 
energy distribution determined only by phase-space 
considerations, namely : 

dNo/de= (8N/x)(1— he. (1) 

Figure 3 shows the x~ energy distribution corrected 
for the density-of-states factor, Eq. (1). Also shown on 
Fig. 3 are the energy dependences one would predict 
for various assumed spins and parities of the r meson. 

From Figs. 1 and 3 it would appear that the 54 cases 
we have studied favor spin 1 and even parity for the 
r* meson. It should also be noted, however, that the 
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existence of an attractive x-r force in the T=O state® 
or a repulsive force in the 7=2 state, or both, would 
lead to deviations from a symmetrical x~ energy dis- 
tribution of the type observed by us. 

The r-decay data presented at the Pisa Conference* 
do not show the pronounced energy asymmetry which 
we observe in 54 cases. Our method of scanning could 
not have introduced an asymmetry in the energy of the 
type observed. The question also arises as to whether 
our observations represent a statistical accident or a 
sample which is less subject to bias than one obtained 
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Fic. 3. Energy dis- 
ON/aE tribution of the odd 
ON./dE pion in r decay, cor- 
rected for the phase 

space fac tor, Ea. (1 
Theoretical energy 
distributions' are 


computed on the as- 
sumptions outlined in 


the ¢ aption to Fig. 1 
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by an accumulation of data from many laboratories. 
We plan to continue this work and improve our statis- 
tics in the hope of resolving this question. 

Note added in proof. —G. Harris and J. Orear (Colum- 
bia University, private communication) find in a similar 
sample a large number of low energy 2~’s associated 
with decays. These additional data, even in 
and make 0~ the 
preferred solution, although some deviation from isot- 
ropy in the direction indicated by our results is not 
ruled out 


their r 
combination with ours, rule out 1*, 
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Angular Distribution of A° and 6° Decays* 


Ropert K. ADA 
Brookhaven National Laboratory, Upton, New York 
(Received September 30, 1955) 


distribution of the decay products of the A° and 
& must be related to the spins of these particles. In 
particular, it is well known' that the complexity of the 
angular distribution of decay particles is limited by 
the magnitude of the spin of the parent state. If the 
angular distribution about an arbitrary direction is 
written as a polynomial in cos, only even powers of 
cos’ will appear in the terms and the highest power will 
be equal to 2a, where a is equal to the spin of the particle 
for bosons and to the spin minus one-half for fermions. 
The use of this rather loose restriction can only establish 
a lower limit to the spin of a state. 

It is the purpose of this note to point out that an 
examination of the angular correlations of the A° and # 
decay products is particularly informative when re- 
stricted to A° and & particles produced in the backward 
or forward direction by the x-+p—+-A° reaction, at 
energies near threshold. In particular, the determina- 
tion of the angular distributions of those A° decays 
which are in coincidence with & mesons which decay in 
the forward or backward direction, uniquely determines 
the spin of the A°. Likewise, a measurement of the decay 
distribution of those # mesons in coincidence with A° 
particles which decay in the forward or backward 
direction will determine a number which will generally 
be equal to the spin of the @, and will always be as great 
as the spin minus one. 

A general expression for the reaction amplitude for 
the x + p—A'+@ is: 


8 presen it is clear that the angular 
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where the complex constants, a, are determined by the 
dynamics of the reaction and the magnetic quantum 
numbers represent values in the direction of the beam. 
In this equation x represents the parity of the state 
formed with total angular momentum, j; L and S$ 
represent the relative orbital angular momentum and 
the total spin of the A°—@ system, respectively ; while 
the A, B, |, and x stand for the spin of the @, the spin 
of the A°, the x-— p relative orbital angular momentum 
in the decay of the A°, and the proton spin function in 
that order. The a(m,;), which are unit vectors such that 
a(m)a(m’)=6(m,m'), establish that the bombarded 
protons are unpolarized. The value of m; must be equal 
to the spin component of the bombarded proton since 











Tasie I. Angular distributions of A® decays for A® particles 
produced by the #~+p-—+A°+@ reaction in the beam direction, 
in coincidence with & mesons which decay in the beam direction. 
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the orbital angular momentum can have no component 
in the beam direction. It can be seen that the spherical 
harmonics @,, 04, and 6, determine the angular dis- 
tributions, of the production of A° and # particles, 
the decay of the #, and the decay of the A°, respectively. 
The selection of events in which the A° and @ particles 
are produced in the direction of the beam reduces the 
sum over magnetic quantum numbers m, to one term, 
m,=0. Further selection of A® decays in conjunction 
with ® mesons decaying in the beam direction reduces 
the sum over m4 to one term, ma=0. From Eq. (1), 
we see that for each value of m;, +4, or —}, the decay 
amplitude for A° decays will reduce to 


YY (YAm;| ym, my—m)Oye"y—™. (2) 
mi 

which results in angular distributions which depend 
only on B, the spin of the A°. Angular distributions for 
various values of B are presented in Table I. If, again 
restricting ourselves to production in the beam direc- 
tion, we observe & decays in coincidence with those 
A® mesons which decay at 0° or 180°, somewhat weaker 
restrictions hold. From Eq. (1), we see that for each 
value of m; two states O4"/4y~4 and 64" 4! will occur. 
The @ decay distributions then take the form: 


B(O4™ P+ (O4"4)*, (3) 
where 8 is a real number largely undetermined by 
geometric considerations. In general this angular dis- 


tribution will be of the form: 


da/dQ=a cos*48+- a’ cos?4—4p. (4) 


Fortuitous values of 8 can result in either a or a’ 
vanishing, but they will not vanish simultaneously. 
Therefore an analysis of the angular distribution will 
establish a number which will likely be the spin of the 
#, and will certainly be as large as the spin minus one. 

Practical considerations demand an estimate of the 
deviation from 0° or 180° allowable in order that the 
relations discussed here will hold. The acceptable angle 
of production must be of the order of L’ radian, 
where L’ is the maximum important angular momentum 
L. If we estimate L’= p/mc, where p is the momentum 
in the center-of-mass system of the A° or # and m is the 
x meson Compton wavelength, we find we can allow 
an acceptance angle of +30° at a bombardment 
energy of 950 Mev. Similarly decays of @ particles at 
angles less than A~' radian and A®° decays at angles 
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less then (B—4})~' radian can be considered forward 
or backward in the sense of this note. 

Similar considerations can, of course, be applied to the 
associated production of other particles. 

* Work performed under the auspices of the U. S. Atomic 
Energy Commission. 


1 E. Eisner and R. G. Sachs, Phys. Rev. 72, 680 (1947). 
?C. N. Yang, Phys. Rev. 74, 764 (1948). 





Alpha-Decay Properties of Am**® 


FRANK AsAro, F. S. Stepwens, Jr., W. M. Grason, 
R. A. GLAss, AND I. Per~MAN 
Radiation Laboratory and Department of Chemistry, 
University of California, Berkeley, California 
(Received October 4, 1955) 


O' considerable interest concerning the nuclear 
spectroscopic states in the heavy-element region 
is the appearance of a number of £1 transitions of low 
energy signifying the existence of close-lying states 
of opposite parity. The data on this subject have been 
collected by Stephens' and discussed in terms of the 
shell model. One of the first of these to be studied in 
some detail is the 59.6-kev gamma transition in Np”? 
observed through the alpha decay of Am. Beling, 
Newton, and Rose* showed its £1 character and ob- 
served the curious fact that its lifetime is measurable. 
The measurement of the alpha spectrum of Am™! 
showed the presence of at least five a groups but almost 
all populated the 59.6-kev state either directly or 
through a still higher-lying level.’ 

More recently it has been shown that Am™, with 
two neutrons more, has virtually the identical alpha 
spectrum.‘ Five alpha groups were observed with close 
to the same intensities of corresponding groups of 
Am™, and the energy-level spacings of the Np™ 
states are the same as those of Np*’ except that the 
59.6-kev state has moved up to 74 kev. The 74-kev 
gamma ray is by far the most intense and, like the 
59.6-kev transition of Np*’, it is electric dipole. 

The present report is concerned with the Am™ 
which was examined in order to see if here too the 
favored alpha transition led to a state of Np™ which 
was de-excited by an £1 transition. This isotope of 
americium decays predominantly by electron capture 
with a 12-hour half-life.* The alpha branching is only 
3X10-°%%. 

The sample prepared for the present study was made 
by irradiating Pu™® with 18-Mev deuterons and con- 
sisted of about 200 alpha disintegrations per minute 
of Am and a small quantity of Am™. The prepon- 
derant radiation from the electron-capture branching 
was eliminated by detecting only the gamma ' spectrum 
in coincidence with alpha particles. Even so, it was 
necessary to use only about 10% of the sample in order 
to lower the chance coincidence rate. The alpha particles 
were detected with a zinc sulfide screen and the coinci- 
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dent gamma rays were analyzed with a sodium iodide 
crystal (beryllium covered) and a multichannel pulse- 
height analyzer. 

The alpha-gamma coincidence spectrum is shown in 
Fig. 1 and consists of peaks at 17, 48, and 75 kev. The 
75-kev gamma ray is probably due to Am™ which was 
known to be present. The prominent peak at 48 kev is 
ascribed to a gamma ray of Am™ and that at 17 kev 
probably contains both L x-rays and the escape peak 
of the 48-kev photon. A subsequent alpha-gamma 
coincidence measurement in which the photons were 
detected with a xenon proportional counter established 
the energy of the 48-kev transitions as 48.3+1.5 kev. 
The large limit of error here is due to the fact that the 
statistics were quite poor 

Upon integrating the peak at 48 kev and correcting 
for geometry, escape peak, and the contribution of 
Am to the alpha intensity, the intensity of this gamma 
ray was found to be 0.5 (+0.1) per alpha disintegration. 
For a gamma ray of this energy this intensity in itself 
identifies it as £1. The intensities of the 60- and 74-kev 
gamma rays of Am™' and Am™ are, 0.4 
> Since it can be estimated 


respectively, 
and 0.8 per disintegration.’ 
that the conversion coefficient for this #1 transition is 
not far from unity, it follows that almost every alpha 
the 48-kev state, 
as is the case for the analogous transitions of Am*™! 
and Am* 

A comparison of the prominent features of the alpha- 


disintegration of Am™® goes throug! 


decay schemes of the three americium 
shown in Fig. 2 


isotopes is 
lo be sure, that for Am*® is too frag- 
with the 


mode of de ay 


mentary to assess the exact similarity other 
isotopes, but the principal (favored 
almost surely leads to an analogous state. The regular 
decrease in energy of the excited state favored in alpha 
decay with decrease in neutron number is worthy of 
note 


The 


in view of the measurable lifetime for the F1 transition 


lifetime of this transition would be of interest 
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Fic. 2. Partial decay schemes of Am™*# 2#, 


limit found for the corresponding £1 transition in 
Am decay (<2X10~-* second).* Rasmussen’ has 
pointed out a possible reason why the 59.6-kev state 
of Np*’ has a lifetime several orders of magnitude longer 
than the expected single-particle rate. His argument is 
that the odd-proton orbital of either this state or the 
ground state is 1;3;. and that the observed lower spin 
indicates a complex state. The transition therefore in- 
volves a considerable change in the proton orbital. 
This same behavior has also been noted for a number of 
other F1 transitions and has been discussed in terms of 
mixed states by Goldhaber and Sunyar."® Since a very 
small admixture of states permitting more rapid transi- 
tions will markedly change the lifetimes of such highly 
forbidden transitions, it is not too surprising that the 
lifetimes should vary erratically from one species to 
another. 


‘ F. S. Stephens, Jr., thesis, University of California Radiation 
Laboratory Unclassified Report No. UCRL-2970, June, 1955, 
(unpublished 

2 Beling, Newton, and Rose, Phys 
797 (1952). 

? Asaro, Reynolds, and Perlman, Phys. Rev. 87, 277 (1952). 

* Stephens, Hummel, Asaro, and Perlman, Phys. Rev. 98, 261 
(1955 

5 F. Asaro and I. Perlman, Phys. Rev. 93, 1423 (1954) 

* Seaborg, James, and Morgan, The Transuranium Elements: 
Research Papers (McGraw-Hill Book Company, Inc., New York, 
1949), Paper No. 22.1, Nationa] Nuclear Energy Series, Plutonium 
Project Record Vol. 14B, Div. IV, Part 2, p. 1525 

7G. H. Higgins, thesis, University of California Radiation 
Laboratory Unclassified Report No. UCRL-1796, June, 1952, 
(unpublished). 

* J. O. Rasmussen, Jr. (unpublished data 
* J. O. Rasmussen, Jr., Arkiv Fysik 7, 185 (1953). 

” M. Goldhaber and A. Sunyar, in Bela- and Gamma-Ray 
Spectroscopy, edited by Kai Siegbahn (North-Holland Publishing 
Company, Amsterdam, 1955), Chap. 16 


Rev. 87, 670 (1952); 86, 





Energy Spectrum of Neutrons from 
Spontaneous Fission of 
Californium-252 
Euts Hyatmar, Hicprnc SiAtis, anp STaNLey G. THOMPSON 
Nobel Institute of Physica, Stockholm, Sweden 


(Received September 27, 1955) 


HE Cf source used in this work was prepared at 
the University of California Radiation Lab- 
oratory, Berkeley, California following the neutron 
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Fic. 1. Energy spectrum of neutrons from 
spontaneous fission of Cf, 


irradiation of Pu™* in the Materials Testing Reactor at 
Arco, Idaho.'! The source also contained some Cf”, 
similarly produced in the irradiation. The spontaneous 
fission rate of the source was approximately 30 per 
minute and essentially all fissions were produced by 
Cf** (the spontaneous fission half-lives are 66 years for 
Cf and 15 000 years for Cf” **), The alpha-particle 
disintegration rate of the source was about 1000 per 
minute. The number of neutrons per fission in Cf 
is 3.87.4 

The purpose of our investigation was to determine the 
energy spectrum of the neutrons. The essentially 
weightless source was prepared by the evaporation of a 
solution of the californium isotopes on a thin platinum 
foil which was covered with another foil in order to 
prevent alpha particles from escaping. The diameter 
of the active deposit was about 3 mm. The source was 
placed in the center of a wooden box of dimensions 
35X35X50 cm on an Ilford photographic emulsion, 
Type C.2 of 100u thickness (5X10 cm), and the plate 
was exposed to the neutrons for 14 days. After the 
emulsion was developed, it was examined for proton 
recoil tracks using an Ortholux research microscope 
(magnification 300). Since a small number of tracks 
was observed, it was necessary for the measurements 
to take into account all tracks, for which |»| <20° 
and | ¢| <40°. (vis the angle between the proton track 
and the emulsion plane, and ¢ is the projection on the 
emulsion plane of the angle J between the direction of 
motion of the neutron and that of the proton, cosd 
=cosr cosy. The sample is mounted next to the emul- 
sion so that the neutron paths lie in the emulsion plane.) 
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The energies of the protons were computed using the 
range-energy relation of Lattes, Fowler, and Cuer,' 
and the neutron energies were obtained from the rela- 
tion £,= E,/cos*?. A total of 281 tracks fullfilled the 
conditions described above. The number of neutrons 
per energy interval was corrected for finite emulsion 
thickness and for the variation of neutron cross section 
with energy. The shape of the resulting neutron energy 
spectrum as shown in Fig. 1 is similar to that for 
neutrons from thermal fission of U™*.*? However, 
the neutron energies from Cf seem to be slightly 
larger than from U™*, possibly by about 8%. This 
work is being continued with the objective of obtaining 
a more accurate energy spectrum. 

‘See for example Thompson, Ghiorso, Harvey, and Choppin, 
Phys. Rev. 93, 908 (1954). 

? Ghiorso, Thompson, Choppin, and Harvey, Phys. Rev. 94, 
1081 (1954). 

* Diamond, Magnusson, Mech, Stevens, Friedman, Studier, 
Fields, andfHuizenga, Phys. Rev. 94, 1083 (1954). 

* Diven, Martin, and Terrell, according to reference 6. 

5 Lattes, Fowler, and Cuer, Proc. Roy. Soc. (London) 59, 883 
(1947). 

* R. B. Leachman, Proceedings of the Geneva Conference on the 
Peaceful Uses of Atomic Energy, A/CONF. 8/P/592, USA, 1955 

7B. E. Watt, Phys. Rev. 87, 1037 (1952). 





Radiations from 1— States in 
Even-Even Nuclei* 


F. S. Stepwens, Jr., Frank ASARO, AND I. PERLMAN 
Radiation Laboratory and Department of Chemistry, 
University of California, Berkeley, California 
(Received September 20, 1955) 


T has become well established that for even-even 

nuclei in the region well above the closed shell of 
82 protons and 126 neutrons, there exist low-lying 
energy levels with spin and parity assignments 0-+-, 
2+, 44+, etc.'* Such a sequence of levels is described 
as a rotational band because the spins, parities, and 
energy spacing conform with the expectations of rota- 
tional states according to the Bohr-Mottelson unified 
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nuclear model.’ Recently, additional low-lying states 
have been found in this region which are apparently not 
members of this rotational band. They have spin 1 and 
odd parity and were the subject of a previous paper* 
in which the evidence for this assignment was presented. 
Briefly, this evidence consisted of conversion coefficient 
data in the case of Th** decay,® as well as rather un- 
ambiguous alpha-gamma angular correlation data in 
the decay of Th”*, Th**, and U™.4 In each case where 
a 1— state was positively identified the state was de- 
excited by gamma transitions both to the 0+ and 2+ 
States. 

In addition to the three alpha emitters just men- 
tioned, two others, Th™ and U™, were included in the 
earlier paper' as cases which led to a probable 1— state 
although angular correlation measurements were not 
made. To this group should now be added Cm. For 
those cases in which angular correlation data could not 
be obtained, the main evidence for this assignment was 
the observation of a pair of gamma rays in almost equal 
intensity which differed in energy by just the energy 
of the first excited state (2+). For example, in Cm™ 
decay, gamma rays of 605 and 562 kev were found® 
and these differ by 434-5 kev, which agrees with 44.11 
kev’ measured for the first excited state of Pu™*, For 
Th™ and U* decay, not only did the energy difference 
of two gamma rays agree with the spacing of the 2+ 
state, but the gamma ray of lower energy of each pair 
was found to be in coincidence with the 2+—0+ transi- 
tion, 

rhe Th™ taken 
sodium iodide scintillation spectrometer is shown in 
Fig. 1 as typical of the group. The two probable £1 
gamma rays are at 184 and 253 kev. In Fig. 2, the decay 
scheme of Th” is shown, and again this is typical 
state lies slightly 
below the 4+ state and in one instance (excited states 
of Th**) the tw 
other and have not yet been resolved. 

From gamma-ray spectra such as that shown in Fig. 
1, the relative intensities of the two £1 transitions were 


obtained by 


gamma-ray spectrum of with a 


except that in some cases the 1 


o levels are within a few kev of each 


integration of the two respective photo- 
peaks. Corrections for counting efficiency, escape peak, 
background radiations were made. It was then 


and 


Tpero 


— 


Fic. 2. Decay scheme of Th®. 
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Taste I. Reduced gamma-ray transition probabilities 
from 1-- states.* 














References Hindrance 
Red. trans. for y-ray factors for a 
Parent Daughter Energy prob. energies and groups to 
emitter nucleus Yo 1 Yes abundances 1 -— states 
Cm™t Pu™s 605 562 06020.15 b 1000 
Um Th 326 268 04320.08 cd 70 
Act™* [je Th 232 159 0.5120.15 ef il 
Th Ra™* 253 184 0.4920.08 re 40 
Th=s Ra™ 217 133 0.36+0.15 g 10 
Ths Ra™ 242 130 04820.15 e 40 








* ys represents the transition from the 1 — state to the state of spin x. 

» See reference 6. 

* F. Asaro and |. Perlman, Phys. Rev. 99, 37 (1955). 

4 Scharff-Goldhaber, der Mateosian, Harbottle, and McKeown, Phys 
Rev. 99, 180 (1955). 

* F. Asaro and |. Perlman (unpublished data). 

t J. R. Grover and G. T. Seaborg (unpublished data). 

* Stephens, Asaro, and Perlman (unpublished data). 


possible to obtain the reduced transition probabilities 
by removing the expected third-power Weisskopf 
energy dependence. The result of this treatment is 
shown in column 5 of Table I and the significance will 
be discussed presently. 

Although the limits of error are rather large, the data 
are all consistent with a value of 0.5 for the ratio yo/y2 
of the reduced transition probabilities. The large limits 
of error are due to the difficulties in obtaining good 
gamma-ray intensity data; however, an attempt is 
being made to improve the limits on, some of the more 
favorable cases. 

The type of configuration for an odd-parity state at 
an excitation of only a few hundred kev in an even-even 
nucleus has not yet come up for discussion. A suggestion 
has been made, however, that this state may have the 
same intrinsic structure as the ground state and repre- 
sents a collective distortion in which the nucleus is 
pear-shaped. On this basis this state would belong to 
the quantum number K =0 configuration of the ground 
state, a supposition which can be checked by comparing 
gamma-transition probabilities to the 0+ and 2+ 
states. Following the treatment of Alaga, Alder, Bohr, 
and Mottelson,’ the reduced transition probabilities 
of gamma rays leading from a particular state to two 
members of a rotational band would depend simply 
upon the geometrical factors of the transition and are 
expressed by the vector addition coefficients. In the 
present case the two gamma rays are electric dipole and 
the question is whether the 1— state belongs to K=0 
or K=1., It turns out that if K=0 the reduced transition 
probability ratio yo/y2 is 0.5, and if K=1 the ratio is 
2.0. Clearly, from the data shown in Table I, K=0 
satisfies all cases and K = 1, none. 

All of the 1— states which we have observed have 
been populated to some extent by alpha emission. If 
we compare the abundance of the alpha group to the 
ground state with that of the group to the 1— state 
and remove the energy dependence by spin-independent 
alpha-decay theory,’ we have a ratio of reduced alpha- 
particle transition probabilities more commonly known 
as “hindrance factors.” These hindrance factors are 
also shown in Table I (column 7). 
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No explanation can be advanced at present as to 
why some of these analogous alpha transitions are 
relatively highly favored compared with others. The 
data do seem to correlate with atomic number and with 
neutron number for a given element. 


* This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

17. Perlman and F. Asaro, Ann. Rev. Nuc. Sci. 4, 157 (1954). 

* A. Bohr, Phys. Rev. 90, 717 (1953). 

+A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. Selskab 
Mat.-fys. Medd. 27, No. 16 (1953); A. Bohr, Rotational States 
of Alomic Nuclei (Ejnar Munksgaard, Copenhagen, 1954). 

‘ Stephens, Asaro, and Perlman, Phys. Rev. 96, 1568 (1954). 

* Asaro, Stephens, and Perlman, Phys. Rev. 92, 1495 (1953). 

* Asaro, Harvey, and Perlman (unpublished data). 

7™W. G. Smith and J. M. Hollander, University of California 
Radiation Laboratory Unclassified Report No. UCRL-2974-Rev., 
1955, (unpublished). 

*A. Bohr (private communication of a suggestion by R. 
Christy). 

* Alaga, Alder, Bohr, and Mottelson, Kgl. Danske Videnskab. 
Selskab, Mat-fys. Medd. (to be published). 

#T. Kaplan, Phys. Rev. 81, 962 (1951). 





Angular Distribution of Gamma Rays 
in Coulomb Excitation* 


F. D. Benepict anp G. TIce 


Yale University, New Haven, Connecticut 
(Received October 10, 1955) 


REVIOUSLY reported calculations'? of the angular 
correlation coefficient a, for Coulomb excitation 
of the 330-kev level in Pt'™ have been expanded to 
include a,, and similar calculations have been carried 
out for the 550-kev level of Cd"*. The formulas used 
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Fic. 1. Angular correlation coefficients a; and a, plotted against 
proton energy £,. Circled points give thin target theoretical values 
for Pt™ and Cd". Experimental points are given by dots (Pt) 
or circles (Cd) with vertical spreads. The crosses give theoretical 
values corrected for thickness of target and admixture of Pt™. 
The scale for a; is at the left, that for a, at the right. 
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were those in the literature’ with signs corrected ac- 
cording to Breit, Ebel, and Russell.‘ 

The semiclassical approximation for radial matrix 
elements was used*® and checked against direct calcu- 
lation in typical cases. The error in ay is estimated to be 
about one percent, that in a, may be larger due to 
stronger cancellation. It proved sufficient to limit the 
calculation to values of angular momentum L< 40. 
The coefficients given here for Cd" agree with those of 
Goldstein ef al.® 

Thick-target corrections have been roughly estimated 
for the highest proton energy in each case following 
McGowan and Stelson.’? Use was made of their values 
of the energy loss weighting factor ¢ and the multiple 
scattering attenuation coefficients. For Pt a rough 
allowance for the presence of Pt with a 358-kev 
level has been included with the thick target correc- 
tions. In Fig. 1, the theoretical results are plotted to- 
gether with the experimental values for Pt? and Cd.* 
The thin-target coefficients have the correct depend- 
ence on energy and on nuclear charge. The thick-target 
correction brings about agreement with experiment in 
some cases but not in all. 

The authors wish to thank Dr. Stelson and Dr. 
McGowan for permission to use their data in advance of 
publication, and Mrs. M. Berry and C. R. Fischer for 
aid in computations. We wish particularly to thank 
Professor G. Breit for helpful suggestions and dis- 
cussion. 

* This research was supported by the Office of Ordnance 
Research, U.S. Army. 

! Breit, Ebel, and Benedict, Phys. Rev. 100, 428 (1955). 

? F. D. Benedict, Phys. Rev. (to be published). 

3 L. C. Biedenharn and C. M. Class, Phys. Rev. 98, 691 (1955) 

‘ Breit, Ebel, and Russell (to be published). 

*K. A. Ter-Martirosyan, J. Exptl. Theoret. Phys. (U.S.S.R.) 
22, 284 (1952); G. Breit and P. B. Daitch, Phys. Rev. 96, 1447 
(1954); Benedict, Daitch, and Breit, Phys. Rev. (to be published), 
and references in last mentioned paper 

* Goldstein, McHale, Thaler, and Biedenharn, Phys. Rev. 100, 
435 (1955) 

7 F. K. McGowan and P. H. Stelson, Phys. Rev. 99, 127 (1955) 

* F. K. McGowan and P. H. ‘Stelson (private communication to 
Professor G. Breit 





Anomalous Neutral V-Particles* 
W. H. Arnon, Jr.,f W. Martin, anp H. W. Wyip 


Palmer Physical Laboratory, Princeton University, 
Princeton, New Jersey 
(Received October 3, 1955) 


N view of the current interest in the problem of 
whether there exist neutral curious particles which 
undergo three-body decay, and if so what is the nature 
of these particles, a search has been made for the so- 
called anomalous neutral decays among photographs of 
V-particles obtained from the Princeton dual cloud 
chamber at Echo Lake, Colorado.' Much of the previous 
work in this field has been summarized by Astbury.” 
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An analysis of 82 neutral V-particles, whose Q-values _ the basis of either decay scheme, A°>p+2~-+37 Mev,' 
ilated, has yielded the following: 30 A°’s, or #®—+-r++x°+214 Mev,® differed from these values 
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31 #’s, and 21 for which A’s and 6’s were not distinguish- by more than three standard deviations was considered 
able on a Q-basis. In addition there were 5events which anomalous. The distribution of the Q-values for all 
are considered anomalous. The analysis procedure and unambiguous events is shown in Fig. 1. The mean A° 
method of estimating errors is essentially that described (Q-value is 36.1 Mev. This is a weighted mean in which 
previously,'* except that in most cases track curvatures the individual Q-values are weighted inversely as the 
were measured with a cylindrical lens projector.* In squares of their standard deviations. The error as 
order to distinguish anomalous cases from the more calculated “internally,” i.e., from the errors of the 
common A°® and #, a plot was made of the distribution individual Q-values, is +1.1 Mev. The “external” 


of known cases; any case whose Q-value calculated on standard deviation was +0.9 Mev, calculated from the 








Taste I. Data on five anomalous neutral V-particles.* 
Po Pr 
P, P Or rigin Angle of non- unbalance 
E t Me Mev egrees ’ (D9 isible (? planarity Mev/c 
Sf) - 75 
147-405 1215+165 1455+ 265 13.6+0.7 132415 246+40 Yes 04 133+40 
42¢ 10% 
135 ~195 


+ SO +310 +30 
157-981 600 1750+-470 24+0.5 36 676+150 No 


+55 -310 —25 


+40 +20 Possible 


171-365 563 314 23.320.7 $7+12 track not No 
+ 80) +2? proto 
trom n 
ionizatio 
+ 33 $35 ; 
199-608 973 99? 19.8+0.3 159+ 7 243+55 Yes 2.5 672425 
+95 +95 
~~ SO + 3D) + & 
199-697 971 1635+-270 14.1403 144 393+90 No 
+H) 200 —10 
* The upper uncertainty with each moment m 4 meas ple gas-scattering error, independent for each track of a V-particle 
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nuse this is not independent for the two V-secondaries. The errors 
ym of the squares; the errors in Q due to the latter were combined 


~ lower uncertainty repreaents that et 
n O due to the former were combined along with the error in @r as the square r 
algebraically 
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Fic. 2. Photograph of Event 199-608. Tracks 1 and 2 are the 
positive and negative secondaries, respectively, of a neutral V- 
particle. 


spread of the individual Q-values about the mean.’ 
The close correspondence of these figures is the basis 
for the statement that the errors assigned to individual 
Q-values are approximately standard deviations. 

The weighted mean Q-value for the normal] # particles 
is 212 Mev. The “internal” error is +4 Mev, the ex- 
ternal standard deviation is +3 Mev. This is in good 
agreement with Thompson’s value of 214+4 Mev but 
is lower than the value of 227+4 as reported by Fretter.* 

The five anomalous cases were each analyzed several 
times and the curvatures remeasured with a com- 
parator. The data for these events are given in Table I 
and one of these is shown in Fig. 2. 

We wish to thank Mr. C. A. McGrew and Mr. M. T. 
Grisaru for their aid in many of the measurements and 
calculations and for their contribution in developing an 
efficient graphical method of analysis. 

* Supported by the joint program of the Office of Naval Re- 
search and the U.S. Atomic Energy Commission. 

t Now with the Westinghouse Electric Company, Pittsburgh, 
Pennsylvania. 

! Hodson, Ballam, Arnold, Harris, Rau, Reynolds, and Treiman, 
Phys. Rev. 96, 1089 (1954 

J. P. Astbury, Nuovo cimento Suppl. 2, 12, 317 (1954) 

* Arnold, Ballam, and Reynolds, Phys. Rev. 100, 294 (1955) 

‘J. Hardy, “The Curvatron,” Cosmic Ray Group, Palmer 
Physical Laboratory, Princeton University (unpublished) 

* Friedlander, Keefe, Menon, and Merlin, Phil. Mag. 45, 333 
(1954). 

* Thompson, Burwell, Cohn, Hugget, Karzmark, and Kim, 
Proceedings of the Fourth Annual Rochester Conference on High- 
Energy Physics (University of Rochester Press, Rochester, 1954). 

7A. Worthing and J. Geffner, Treatment of Experimental Data 
(John Wiley and Sons, Inc., New York, 1943), C r VIL. 

* Fretter, Friesen, and Lagarrigue, International Conference on 
Elementary Particles, Preliminary Report, Pisa, August, 1955 
(unpublished). 
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Capture of K~-Meson with Emission of 
High-Energy Electron as the Only 
Visible Prong* 


D. B. Writtaws, D. M. Hasxry, M. Kosnrpa, 
AND MARCEL SCHEIN 
Depariment of Physics, University of Chicago, 
Chicago, Illinois 


(Received October 3, 1955) 


N emulsion stack consisting of 136 2-in.x4-in. 

6004 thick Ilford G-5 pellicles was exposed to 
the K--beam of the Berkeley Bevatron. The magnet- 
ically analyzed beam admitted particles with a mo- 
mentum of the order of 306 Mev/c to the stack. 

Among 68 events, a K~-capture was found which is 
reproduced in Fig. 1. The X~ was traced to its entrance 
point at the edge of the stack. Its length in the emul- 
sion is 3.9 cm, and it entered parallel to the beam. 
Grain counting gave a value of 5.0 (+0.3) times 
minimum for the K~ at a distance of 5 mm from the 
capture star, corresponding to a particle of mass 
1000 m,. 

At the point where the K~ stops, a single track is 
ejected. No other visible tracks or recoil are observed. 
The emitted track travels 1.23 cm in one pellicle before 
leaving the emulsion stack. The point of capture and 
more than 1 cm of the ejected track are situated in the 
middle of the emulsion. Grain counting of the secon- 
dary track gives a value of 1.06+-0.03 times the value 
given by ten pion tracks from the magnetically analyzed 
beam. The momenta of these pions were checked by 
making multiple scattering measurements. The average 
p8 in the vicinity was 290 Mev/c. Pions of this energy 


Fic. 1, A@-star in which 
a high-energy electron is 
emitted. Track K~ is a 
negative heavy | meson \ un 
which stops in the emulsion. K 
Track « is a high-energy 
electron ejected from the 
point where the K~-meson 
stops 


should be 1.05 times minimum, Therefore, the ioniza- 
tion of the emitted track is 1.11+-0.03 times minimum. 
This value corresponds to plateau ionization. Multiple 
Coulomb scattering measurements made over 1.2 cm 
of the ejected track gave a p§ of 73.74+5.1 Mev/c. 
A x meson with this momentum would have an energy 
of 41.544 Mev and a grain density of 1.8+0.1 times 
minimum. A w meson with this p§ would have a grain 
density of 1.4+0.1 times minimum. Hence, the secon- 
dary particle must be a high-energy electron. 

We believe this to be the first case of a K~-meson 
capture star in which a high-energy electron is emitted 
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as the only visible prong. It is highly improbable that 
the event is due to a K~-meson decaying from a Bohr 
orbit inside the nucleus because the decay schemes Ky» 
and K,, are much more frequent than K,3. Hence, this 
type of interaction seems quite different from those 
reported so far. Since this event is so unusual, it may 
be that the K~-meson causing this star is not identical 
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with those K--mesons causing the usual type of cap- 
ture star. 

We wish to thank Professor E. O. Lawrence and 
Professor E. J. Lofgren for their excellent cooperation in 
making possible the Bevatron exposures. 


* Supported in part by a joint program of the Office of Naval 
Research and the U. S. Atomic Energy Commission. 
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MINUTES OF THE FALL MEETING OF THE NEW ENGLAND SECTION HELD AT YALE UNIVERSITY, 


New Haven, CONNECTICUT, ON NOVEMBER 12, 1955 


HE New England Section of the American 
Physical Society held its annual Fall Meeting 
on Saturday, November 12, at Yale University, 
New Haven, Connecticut papers 


were heard at the morning session 


Four invited 


“Physics of Cellular Processes,” E. C. Pottarp, Yale Uni- 


versily 
“Liquid Helium II in Rotation,” R. J 


; 


versi 


DONNELLY, Yale Umi- 

y 

“The Yale Heavy Ion Accelerator,” | 
University 

“Some Possibilities of Heavy Ion Bombardment,” G. Breit, 


Yale University 


R. Bertncer, Yale 


visitors 
had an opportunity to inspect the recently opened 
Gibbs the will 


house the heavy ion accelerator which is now under 


Following a luncheon at the Law School, 


Laboratory and building which 


construction. 


1. Kinetic Model of Helium II. Cuarites A. ReyYNo ps, 
University of Connecticut.—A simple model of helium II is 
proposed based on the folk Wing main assumptions a) At 
any time, on the average, a certain number of the atoms 
vergy; the remainder possess 
identity” of the atom is 
nergy is transferred by two means 


possess only the zero-point e1 


the thermal energy; the “energy 
constantly changing. (b) E 
There is a 
The chief 


two-fluid 


force coupling and displacements of atoms. (« 
strong tendency to constant microscopic density 
difference between this approach and the 
approach is that the classical continuous media concept is 


explicitly avoided. With the aid of a small number of addi- 


usual 


At the afternoon business session the following 
Council Members were elected to serve until the 
next Fall Meeting: 


H. P. Knauss, Tufts, Chairman 

J. K. Knipp, Tufts, Vice Chairman 

R. F. Kingsbury, Trinity, Secretary-Treasurer 
R. A. Peck, Jr., Brown, Executive Committee 
R. P. Winch, Williams, Executive Committee 


After the business session, the retiring Chairman 
of the Section, W. W. Watson, Yale, presented an 
address, “Isotope Separation by Thermal Diffu- 
sion,” and eleven contributed papers were heard. 

W. M. Preston, Secretary 
New York State Section 
American Physical Society 
Yale University 

New Haven, Connecticut 


tional operating assumptions a satisfactory model of the 
heat transfer process in the steady state is constructed. Also 
a model for the film flow is arrived at on the basis of which 
the dependence of the flow rate on the minimum periphery 
and its independence of length may be understood. The 
results of the Long and Meyer experiments on the heat 
motivated flow of the unsaturated film are, on the basis of 
this model, consistent with the saturated gravitational film 
flow measurements of Smith and Boorse. An extension of 
these considerations to the phenomenon of viscosity leads us 
to conclude that the rotating viscosimeter measures the total 
viscosity. 
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2. The MIv and Mv Absorption Lines and Edges of Gd, 
Dy“, and Yb®. Hassan F. Zanpy, University of Bridgeport.— 
The Mriv and Mv absorption edges of the “heavier” rare 
earth elements have been investigated using a curved crystal 
x-ray spectrometer of the Johann type, operating in vacuum.! 
Wavelengths and »/R values for each element are measured. 
Significance of the “white line” observed at the long wave- 
length side of the Mrv edge of Gd™ and at the Mv edge of 
Dy* is discussed. The line character of the Mv edge of Yb” 
and its corresponding wavelength are in good agreement with 
the result published for this element by Lindberg.* The 
persistence of this line character for various thicknesses of 
the absorption screen enhances particular interest, as the 
same behavior is not displayed by other elements of the rare 
earth group. Moreover, it indicates that the Mv absorption 
of Yb” arises selectively from transition of the 4f-electrons 
to the incomplete Nvm sublevel. Results provide further in- 
formation and evidence on the filling up of the 4f-shell in the 
rare earths following the work reported earlier on the Miv 
and Mv absorption edges of Pr,** Nd,” Sm,® and Eu®.! 

! This work was carried out at the University of Leicester, England, 1949. 


1 E. Lindberg, Nova Acta Soc. Sci. Upsala 7, 168 (1931) 
4H. F. Zandy, Proc. Phys. Soc. (London) 65, 1015 (1952). 


3. The Li’(a,n)B” Reaction.*t A. B. Rosstns,{ Yale 
University.—The Li’(a,n)B” reaction has been investigated 
by two independent methods. In the first method the energies 
of the neutron groups were measured with a proton recoil 
telescope using an integral range technique. In the second 
method slow neutrons were observed at the threshold energies 
for each level with an enriched BF; counter. The combined 
results of the two methods give energy levels in B” at excita- 
tion energies of 0.74, 1.31, and 1.72+0.06 Mev, with a ground- 
state Q-value for the reaction of —2.82+0.10 Mev. A com- 
parative experiment with a Li® target was carried out so that 
positive assignment of the levels to B® could be made. This 
work confirms the existence of the second-excited state in 
B® at 1.3-Mev excitation. The 1.3-Mev level had been ob- 
served in an early slow-neutron threshold experiment using 
the Li’(a,n)B"” reaction, but it has not been found in other 
reactions leading to the same final nucleus. 

* Part of a dissertation presented by the author to the Faculty of the 
Graduate School of Yale University in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. 


+ Supported in part by the Office of Naval Research. 
¢ General Electric predoctoral fellow. 


4. Some Laboratory Vacuum Fittings and Standardization 
of Vacuum Fittings. W. G. Wapey, Yale University.—Some 
vacuum fittings which have been devised for use with the 
Yale Linear Electron Accelerator will be shown. They include 
a simple mounting for a replaceable aluminum or plastic 
beam window, an insulated Faraday cup, and others, all 
interchangeable. A brief report will be given on the work of 
the Committee on Vacuum Techniques on the standardization 
of vacuum fittings. 


5. Radiation-Induced Dielectric Changes in Phosphorescent 
Material. A. SkoGLuNnp, University of Oslo, and A. Ore,* Yale 
University. —Preliminary experiments and theoretical con- 
siderations on radiation-induced changes in the dielectric 
constant of various materials will be presented. Radiation 
from a 175 kev x-ray tube was used, and measurements were 
performed at room temperature. Changes in essentially the 
static dielectric constant were registered by observing on an 
oscilloscope the corresponding changes in the discharge time 
of a condenser containing the material to be studied as 
dielectric layers. Support will be given to the conclusion 
reached by Frerichs' that the effect is suited for dosimetric 
purposes. An easily measurable effect is found in commercial 
phosphorescent materials. Diagrams have been drawn which 
show the change in the dielectric constant during and after 
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irradiation as well as its dependence on dose rate. The 
diagrams will be discussed as a possible basis for a structural 
functional analysis. 

* On leave of absence from the University of Oslo. 

'R. Frerichs, Phys. Rev. 04, 1408 (1954). 

6. Vibratory Gyro Mass Flowmeter. Witrrep Rotn, Roth 
Laboratory.—If a circular conduit in which liquid flows is 
vibrated about an axis in the plane of the loop, a gyroscopic 
torque is produced about an axis normal to the axis of vibra- 
tion. This torque is directly proportional to the mass flow rate 
of the material in the conduit. This material need not be a 
pure liquid, but can include multiphase systems such as 
slurries, liquids with entrapped gases, solids in a gas medium 
and the like. By incorporation of an electrical integrator, 
mass flow rate is automatically totalized. Open loop systems 
and closed loop systems employing torque feedback will be 
discussed. 


7. Nonlinear Oscillators with Constant Time Delay.* W. J. 
CunninGuaM, Yale University.—A class of oscillators consists 
of an amplifier combined with a feedback circuit providing 
constant time delay for all signals. A realistic amplifier both 
attenuates the higher frequencies and becomes nonlinear for 
large signals. A system of this sort requires description by a 
nonlinear differential-difference équation. Approximate solu- 
tions for the equation can be found by analytical and graphical 
methods. In some cases these solutions have been checked 
with an analog computer. The system has similarities with the 
classic van der Pol oscillator, in that for certain choices of 
parameters sinusoidal oscillation occurs, while for other 
choices relaxation oscillation takes place. The constant-delay 
oscillator is more complicated, however, in that character- 
istically oscillation may occur at a number of different fre- 
quencies. If both amplifier and delay circuit are ideal, an 
infinity of these frequencies may exist simultaneously and 
stably. If the amplifier is more typical of practical circuits, 
with attenuation and phase shift at the higher frequencies, 
it appears that only the lowest of the possible frequencies is 
stable. 

* This work was supported by the Office of Naval Research. 


8. Stripline or Microwave Printed Circuits. J. W. Curts- 
TIAN, Air Force Cambridge Research Center.—Microwave 
transmission lines and components are usually heavy and 
bulky, and frequently represent a major cost item in the 
production of radar and communication equipment. It has 
long been felt that a strip type transmission line consisting 
of a sandwich of metal foil and dielectric filling could be con- 
structed that would lend itself well to easy conventional 
photoetching techniques. The planor transmission system 
upon which the microwave printed circuit technique is 
based is, fundamentally, an evolution of the coaxial trans- 
mission system. The present stripline component has a narrow 
center conductor which is trapped between two yy-in. slabs 
of Teflon fiber glass laminate which are backed by the outer 
ground planes of one-ounce copper foil. This type of trans- 
mission system maintains the coaxial mode throughout and 
offers a lightweight method of energy transmittal. Stripline 
antenna arrays have evolved to a very promising state. The 
mouldability of this laminate affords wrap around flush 
mounting type antenna techniques. The first symposium on 
stripline was held in October, 1954 under the cosponsorship 
of the Air Force Cambridge Research Center and Tufts 
College, Medford, Massachusetts. The papers presented at 
this Symposium are published in their entirety by the PGMTT 
in a special issue of the transactions of the Institute of Radio 
Engineers, Vol. MTT3, No. 2, March, 1955. 


9. Determination of the Surface Resistivity of Metal Sur- 
faces by a Q-Measurement. A. R. Quiwton anv R. Berincer, 
Yale University.—A measurement of the Q of a coil, mounted 
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near to a metal surface, permits one to determine the surface 
resistivity of that surface at radio-frequencies. A commercial 
but in some applicati 
! Such an instrument is 
together with its calibration and performance as a field in- 








Q-meter can be used ns a portable 


instrument is required described 
strument. The usefulness of the method as a plating thickness 


indicator is also discussed 


10. Carrier Capture Probabilities in Nickel Doped Ger- 
manium. J. F. Battey, Transistor Products, Inc., AND R. M 
Baum, Syloania Electric Products.—Nickel has been diffused 
into germanium in sufficient quantity to limit the mir 


f 


carrier lifetime 


ority 





The combination of the nickel doping and the 
or Group V d 


initial Group III acceptor donor doping is ar- 
ved in various samples so that the temperature dependence 





minority carrier lifetime reveals the temperature de- 
pendence of some of the carrier capture probabilities of the 


acceptor levels. It is found that the electron 
stivity p-type 


The electron 


two nickel 
capture probability of low-res samples is tem 
independent 


high resisti 


perature capture probal ity of 
nt 


with 





increases expom itially 


obability 


y p-type samples 
increasing temperature, as does the hole capture 
' 


of high-resistivity n-type samples. Possible interpretations 


of the results will be discussed 
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11. Vibrations of a Quartz Plate.* Kari S. VAN Dyke, 
Wesleyan University—This is a progress report in a long- 
range study of the behavior of piezoelectric resonators, in 
which the author has had extensive cooperation of a number 
of student and other associates. The present experimental 
study uses a small probing electrode for sensing piezoelec- 
trically the magnitude of local strain heneath the electrode 
in a quartz plate in the survey of the surface of the plate after 
a manner first suggested by Hok. Its current and most suc- 
cessful phases are the increase of the sensitivity of the elec- 
tronic equipment to the limit in order to be able to use elec- 
trodes of very small area, the extreme use of shielding to 
reduce stray piezoelectric coupling to the plate, and the instru- 
mentation for detailed point-by-point survey over the whole 
plate. The plot of the detailed pattern of vibration in a normal 
mode which involves coupling between thickness shear and 
flexure shows excellent agreement with strain distribution as 
computed from Mindlin's theory for distribution along X —. 
The complete patte-n of the whole plate area has been studied 
The 


result is a striking demonstration of the complex detail of a 


in one case and is shown as a three-dimensional model 


normal mode. 


* The work is in part supported by the Army{Signal Corps 
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